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Phonolite is a type of nominally evolved alkaline magma, with some occurrences, however, hosting 
mantle xenoliths. This project aims to characterise the dynamic conditions of magma evolution of the 
xenolith-hosting Pigroot phonolite within the Miocene Waipiata volcanic field, New Zealand. 
Field work established that outcrops range from basaltic column to pillow lavas, and that there is 
heterogeneity in the distribution of xenoliths between outcrops. The occurrence of pillow lavas and 
tuff deposits at the base of the sequence gave indications for the presence of a water body(ies) during 
the eruptive period.  
Samples from the Pigroot phonolite were analysed by petrographic techniques and x-ray fluorescence 
which enabled the characterisation of the mineralogical suite and chemistry of the xenolith-bearing 
host rock. Four rock compositions were found, these are (i) phonotephrite, (ii) trachyandesite, (iii) 
tephriphonolite and (iv) phonolite.  
A likely fractionation depth in the upper mantle was determined from the chemical compositions of 
the host rocks, and the results of the phase equilibria experiments. These produced modal mineralogy 
and mineral chemistry comparable to the natural samples at temperatures and pressures of upper 
mantle depth. The crystallization assemblage was dominated by amphibole (kaersutite) with minor 
clinopyroxene +/- oxides +/- plagioclase. The mineralogy was dominated by k-feldspar species (50-
70%), followed by two species of opaque minerals, microlitic aegirine-augite, clinopyroxene, minor 
amounts of amphibole, nepheline and apatite. 
Fractionation rather than partial melting as the process generating the phonolite is evident by the SiO2 
value of >46% observed in all samples, with the relative abundances of trace elements following 
normal fractionation trends.  
The xenoliths are interpreted to have been incorporated within the evolved host melt during a 
mingling event between the evolved melt with a mafic melt that was carrying the xenoliths within a 
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Chapter 1: Introduction 
1.1 Introduction and Regional Geology 
For thousands of years, people around the world have been living on or near active volcanoes, 
utilising the rich soils that are present on the slopes and bases of the volcanoes on which they live. 
This can pose a tremendous risk, as the triggers of volcanic eruptions are often poorly constrained. 
Populated volcanic regions in areas such as Japan, Hawaii, Italy and New Zealand have an elevated 
risk from volcanic hazards; for example, New Zealand’s largest city, Auckland, sits right on top of a 
large, active volcanic field. 
It is often smaller eruptions that occur unexpectedly, due to their sudden nature and minimal warning 
signs, compared to large eruptions that due to their size generate a swath of geophysically detectable 
signs. Pre-eruptive conditions of magmas are crucial factors to understand and forecast a volcano’s 
behaviour, such as the style of eruption and the volume of magma ejected, which can result in greater 
or lesser dangers for people living around or on the volcanoes. Magma storage conditions are however 
often poorly constrained because direct observations of magma evolution in the crust beneath an 
active volcanic field are difficult or near impossible. My research focused on the Red Cutting Summit, 
which is associated to the Pigroot Hill, an old, well-exposed volcano within the Waipiata volcanic 
field (WVF) of Central Otago (Irving & Price, 1981; Figure 1.1.1). This volcano represents a 
nominally evolved magma with an unusual characteristic; it contains abundant mantle xenoliths and 
xenocrysts, indicating that the eruption that occurred was rapid, abrupt and possibly without warning, 
hinting that magma ascended from mantle depths (Reay et al., 1991). 
Mantle material, in the form of xenoliths is more common in primitive basaltic magmas such as those 
of monogenetic volcanoes (Lippard, 1973, Wood & Spera, 1984) and are rarely observed in magmas 
of polygenic volcanoes such as those of the Dunedin volcanic complex (DVC; Scott et al 2020). This 
is related to magma stalling in storage areas which results in the settling out of the mantle xenoliths 
(Coombs et al., 2008). Brenna et al (2011) discussed how typical monogentic eruptions yield low 
volumes of magma that undergo minor fractionation due to their fast ascent rates in a short time 








Figure 1.1.1. Overview map of showing the Waipiata Volcanic field including the ~55 volcanoes (black dots). Also shown 
is the Dunedin Volcanic Complex in black. Map A, over view map of the Waipiata Volcanic Field acronyms are as 
follows: BR = Black Rock; TC = ‘The Crater’; LB=‘Little Brothers’; LP = Little Puketapu; PHVC=Pigroot Hill Volcanic 
Complex; FHVC = Flat Hill Volcanic Complex; SVC = Swinburn Volcanic Complex. Map B, Inset New Zealand’s South 
Island map acronyms are as follows: WVF= Waipiata Volcanic Field; DVC = Dunedin Volcanic Complex; ADS = Alpine 
Dyke Swarm; BP = Banks Peninsula. Highlighted in red on the map is the Pigroot hill locality (Figure 1.2.1). A time scale 
of the area shows the evolution of the Waipiata Volcanic Field (WVF), a red bar shows the timing of the Pigroot Hill 
eruption. Figure modified from Nemeth and White (2003). 
 
1.2  Research aims 
Xenolith bearing phonolites have been found to exist in only three localities around the world, the 
Pigroot being one of them. The knowledge of their formation and the mechanisms that constrain and 
produce these xenolith-bearing phonolites is highly limited. The Pigroot locality (Figure 1.2.1) is well 
exposed and easily accessible making it ideal to sample, and thereby carry out experiments that will 
enable further understanding of the processes that lead to the formation of such phonolites.  
The aims of this study are to constrain the factors and processes that enable the evolution of xenolith 
bearing phonolites. Geochemical techniques such as petrography, mineral chemistry and whole rock 
analysis have been used to establish the mineralogy, and the chemical characteristics of the host rock 
suites of the Pigroot phonolite. Experimental petrology was utilised to recreate the pressures and 
temperatures in which the magma evolved and fractionated, constraining the possible depths at which 








Figure 1.2.1. Geological map of this study’s’ field site (all of unit CP), including the geology of the area directly 
surrounding the field area. Map includes the location of the Tuff and Pillow lavas observed within the field area, marked 
by a black circle. Map modified from Sang Lyen’s BSc thesis, 1962. Note: this map is in feet, the hight of Trig-L is 773m 















Chapter 2: Literature review 
1.3 Otago Volcanism 
Intraplate volcanic activity in New Zealand commenced in the Late Cretaceous (~100 Ma), with 
several large periods of activity, the majority of which occurring in the South Island and the Campbell 
Plateau and to a lesser extent in the North Island (Timm et al., 2010). Controlling mechanisms for 
volcanism at intraplate settings are both broad and poorly constrained within the literature (Van den 
Hove et al., 2016). Drivers for volcanism have been primarily looked at as either shallow tectonic 
processes, or deep source mantle plums (Van den Hove et al., 2016; Brenna et al., 2015). A few 
processes that are known as drivers for melts to ascend to the surface are outlined by Van den Hove 
et al (2016): continental extension (Aranda-Gómez et al., 2003), upward concave plate flexure 
(Valentine and Hirano, 2010), slab-roll back (Brenna et al., 2015), slab-window convection (D’Orazio 
et al., 2000), shear driven convection (Conrad et al., 2010) and edge-driven mantle convection 
(Demidjuk et al., 2007). Authors such as Valentine & Perry (2007) stated from their models, that 
there is no single specific process or mechanism that drives magmatism and allows it to ascend, but 
rather a collective of processes, illustrating that there are still many unknowns about these processes.  
1.3.1 Dunedin Volcanic Group 
 The host rock material studied in this thesis belong to the intraplate magmas of the Waipiata Volcanic 
Field (WVF), which are part of the Dunedin Volcanic Group (DVG). Widespread intraplate 
magmatism during the Cenozoic is evident across the South Island, with several volcanic events 
having occurred, it is during the last period of volcanism that the DVG, which includes the Dunedin 
Volcano (DV) and the Waipiata Volcanic Field (WVF; Nemeth and White 2003). Formally described 
by Coombs et al (1986), the DV was recognised as a lithostratigraphic unit comparable to the WVF, 
with both the DV and WVF belonging to the DVG. The WVF is a monogenic volcanic field that was 
active from 25-9 Ma and exhibit a variety of magma types that includes alkali basalts, trachytes, 
basanites, nephelinites, phonolites and tephrites (Timm et al., 2010). The DV is an eroded shield 
volcano, it was active from 16-10 Ma and its magma composition is primarily alkali basaltic (Coombs 
et al., 2008). The WVF is made up of ~55 monogenic volcanoes with single eruptions being smaller 
in volume than the eruptions of the polygenetic DV (Nemeth and White 2003; Irving & Price, 1981; 
Price & Chappell, 1975). Polygenetic volcanoes are much larger than their monogenetic counterparts, 
they are often long lived, erupt several times within their lifetime, and have more evolved magmas 
(Price & Chappell, 1975). As they erupt multiple times, several magma types with chemical 




signatures distinct from those of monogenetic volcanoes can be observed (Takada, 1994; Nemeth, 
2010). Reilly (1972) discussed the presence of a magma storage area beneath the DVC and related 
this to the presence of mantle xenoliths. Price et al (2003) looked at the Port Chalmers Breccia, part 
of the DV, and created a model that established the magma storage area was lower crustal or upper 
mantle. 
 
1.3.2 Pigroot phonolite 
The WVF consists of a variety of ~55 individual vents in an area of ~5000 Km2, with a swath of lava 
compositions, tuffs and breccias, and nestled in amongst these vents is the xenolith bearing Pigroot 
phonolite of this study. First described by Wright in 1966, he mentioned a high-pressure mineral suite 
in the Pigroot phonolite but did not elaborate further, he did however discuss the peculiar lherzolite 
inclusions (xenoliths) within the phonolitic host rock. Wright’s (1966) findings gave evidence for 
sub-crustal magma fractionation and host rock formation at depths >20 km. Irving and Price (1981) 
looked at the geochemical compositions and settings of the Pigroot phonolite and other xenolith 
bearing phonolites across the globe. Although the authors did not have supporting chemical data for 
the Pigroot site, they described the Pigroot phonolite as possibly being a product of mantle melting 
in an area that had been enriched in Sr and light rare earth elements (LREE; Irving and Price, 1981). 
These authors also mention several peculiar geochemical traits that were observed from data of Price 
& Compston (1973) in the Pigroot rock suite when compared to other East Otago basanites and lavas: 
-  it has more evolved alkalies and SiO2  
-  normative olivine contents 
-  lower Al2O3 
-  highly enriched in Sr (1600ppm) 
-  unusual rare earth elements (REE) pattern that is different to the linear or concave upwards pattern 
of the other east Otago lavas  
Price and Taylor (1973) concluded that the Pigroot phonolite’s unusual chemical composition was 
due to mixing or contamination of the lherzolite bearing basanite melt with Sr and LREE rich 
material, however no basanites were observed at Pigroot. Previous work under taken on the Pigroot 
site prior to Coombs et al. (2008) was solely referring to a mafic phonolite, with the analysis of Irving 
and Price (1981) of the site plotting within the Phonotephrite field on the TAS diagram (Figure 4.3.1). 
Coombs et al. (2008) used K-Ar and 40Ar/39Ar ages to date the WVF and constrained activity to 
having occurred from 24.8±0.6 to 8.9±0.9 Ma, noting that the WVF volcanic activity reached its peak 




at 16-14 Ma. Coombs et al. (2008) also used whole rock analysis on both the WVF and DVC to 
establish the alkali trends of the two complexes. The authors had only collected one sample from the 
Pigroot site, which gave a sensu stricto phonolite composition, with a measured K-Ar age 18.5+0.4 
Ma (Coombs et al., 2008). There is some variability between the major element and trace element 
data sets of Coombs et al., (2008) and Irving & Price (1981), these differences may be due to the 
heterogeneity within the magma body, and different rocks sampled. Price and Green (1972) referred 
to the Pigroot as a “mafic phonolite” based on their mineralogical observations. They looked at both 
the lherzolite xenoliths, and the host rock and compared the compositions they obtained from the 
Pigroot rock suite to basanites and a phonolite from East Otago (Price and Green, 1972; table 1). The 
authors concluded that the Pigroot rock suite may have formed by high pressure crystal fractionation 
of a parental basanite (Price and Green, 1972). From the mineralogical composition of the xenoliths, 
they proposed that the lherzolite crystallized at > 700 MPa, > 800 ᵒC (Price and Green, 1972). From 
analysis of the lherzolite xenolith olivine, Price and Green (1972) noted that olivine typical of mantle 
xenoliths have an Fo# of 88 to 92, however crystals from a mafic phonolite such as the Pigroot suite 
would need to have lower Ni and Cu contents, and either an origin resulting from partial melting of 
a source rock with an Fo# (Fo# = 
100 𝑀𝑔
𝑀𝑔+𝐹𝑒
) of 80, or by crystal fractionation of a parental basanite or 
basalt with enrichment of Mg (Price and Green 1972) The lower Fo# indicates that olivine’s from the 
Price and Green (1972) study, were basaltic in nature, not entrained crystals from mantle fragments 
(Price and Green, 1972). These authors conclude that the xenolith material is indicative of a high-
pressure environment but doesn’t imply that the host rock formed via partial melting of mantle 
material, due to the fractionated nature of this magma. 
 
Teagle (1985), following Price and Green (1972), also referred to the Pigroot xenolith-bearing lava 
as a “mafic phonolite” based on his petrological observations of both the host rock and accompanying 
xenoliths. The author noted 6 types of xenoliths within the Pigroot phonolite and utilized the xenoliths 
to get estimations of depth, travel time for the magma with the xenoliths and geothermometry. Teagle 
(1985) hypothesised that the xenoliths were accidentally captured in the upper mantle by the magma 
as it rose to the surface. The author supported this hypothesis by analysing lherzolite xenoliths with 
petrographic, geochemical and electron microscope techniques. These demonstrated that the 
xenoliths were not in equilibrium with the melt (Green et al., 1972; Teagle, 1985). The lherzolite 
xenoliths were also used to estimate a travel time for the magma with the xenoliths to the surface 
(Teagle, 1985). By reviewing experimental works of Donaldson (1985) and Thornber & Hueber 
(1982) on the dissolution rates of olivine within basalt that had been super-heated (1210-1250 ᵒC), 




Teagle (1985) suggested that the travel time of the magma from the upper mantle and the inclusion 
of the lherzolite xenoliths would have had to be geologically short and calculated a maximum of ~260 
days from a pressure of >2000 MPa (depth of ~65km). Teagle (1985) mentioned that it is more likely 
that the magma’s travel time was on the order of a few days or possibly weeks, and not years or 
months as his calculations showed. To enable such fast travel time of the magma to occur, Teagle 
(1985) proposed the following mechanism. The inclusion and concentration of xenoliths into the 
magma acted as a thickener, and thus increase the overall viscosity of the magma as it propagated            
(Teagle, 1985). The author suggests that if brittle failure were to occur in the lower crust as the magma 
made its way to the surface, that a release of the confining pressures would be the cause for a sudden 
acceleration and rapid ascent (~10 m/s-1) of the propagating body (Teagle, 1985). The author also 
attempted to constrain geothermometry by utilizing the various xenolith groups, based on works done 
by O’Reilly et al., (1985), Lindsley (1983) and Wells (1977), however due to mineralogy of the 
Pigroot phonolite rock suite, Teagle (1985) did not manage to constrain pressure - temperature 
relations, noting that the Lherzolite and Websterite assemblages were not suitable for estimating 
pressures.  
1.3.3 Origin of phonolites 
Phonolites are less common than other igneous rocks, this means that they are less studied as a whole. 
Although they are less common, different types of phonolites within different setting are observed 
across the globe, and often spark interest (Figure 2.1.1). Phonolites with peculiarities have been found 
in the lava lake of Mount Erebus (Kelly et al., 2008), the Plateau phonolites of the Kenya Rift  
(Lippard 1973) and the rare xenolith bearing phonolites in Heldburg (Germany), Bokkos (Nigeria) 
and Pigroot (New Zealand; Irving and Price 1981). The formation of a few more “classical” 
phonolites, i.e. phonolites that do not bear mantle xenoliths, are found at sites such as: Tenerife, 
Canary Islands (Johansen et al., 2005); Ulleung Island, S. Korea (Brenna et al., 2014); Mount 
Vesuvius, Italy (Signorelli et al., 1999) and the Dunedin volcano, New Zealand (Price et al., 2003). 
Some factors that create heterogeneities between phonolitic formations are: the tectonic setting, 
magma volumes, magmatic compositional variabilities, eruption styles, crustal thickness, magma 
viscosity etc.  
 






Figure 2.1.1. Two potential models for the inclusion of xenoliths into the evolved magma at the Pigroot Phonolite site. 
(A) An injection of primitive magma, carrying mantle xenoliths into a phonolitic crustal or mantle magma storage area 
prior to eruption. (B) Zoned magma storage area with mingling of primitive with fractionated magmas, with xenolith 
entrainment occurring as the magma rises through the conduit. The two models for the Pigroot Phonolite are compared 
to a generic polygenic system, a generic monogenic system, and a rift hosted system. Figure not to scale. 




1.3.3.1 Phonolite lava lake 
Mount Erebus is the largest open-conduit stratovolcano in Antarctica (Kelly et al., 2008). It is the site 
of an anorthoclase-rich phonolite lava lake that has been consistently degassing and fluctuating in 
shape since its initial discovery in 1972 (Kelly et al., 2008). The phonolitic lava lake is situated within 
the main crater (500 m x 600 m diameter and 120 m deep) and is where all of the historic eruptions 
originated from (Kelly et al., 2008). The formation of the volcano is attributed to intra-continental 
rifting and extension along the western Ross Sea, creating the McMurdo Volcanic Group (Kyle and 
Cole, 1974; Kyle, 1990a; Kelly et al., 2008). These authors used previous studies along with their 
own data, of 40Ar/39Ar dating to establish the evolution of Erebus, noting that its development was in 
3 phases that spanned from 1.3-1 Ma (stage 1), 1 Ma – 250 Ka (stage 2) and from 250 Ka – present 
(stage 3). The authors noted that from their observed data that the magmatic system of Erebus is 
closed, inhibiting the flow of new magma and its associated constituents, and suggests that a possibly 
continuous addition of volatiles into the system are from a deeper source, but do not mention the 
depth from which these volatiles come from (Eschenbacher, 1998; Wardell et al., 2004; Kelly et al., 
2008). The authors suggest that the addition of volatiles play a major role in the eruptive activity, 
more so than the addition of extra magma (Kelly et al., 2008). 
 
 
1.3.3.2  Large volume phonolitic flows 
The Kenya phonolites exceed the total volume of phonolite lava found elsewhere in the world by 
several orders of magnitude, ~40,000–50,000 km3 estimated total volume of the plateau phonolites 
of central Kenya (Lippard, 1973). The author compared the three phonolites in terms of their origin 
of formation/eruption and mode of occurrence, their ages and their associated lava types. By use of 
trace element analysis, Lippard (1973) noted that the different magmas have unique signatures and 
related this to different magma sources, but failed to mention where he believed these sources to be. 
Further, the trace element patterns he obtained, were appropriate for magmas that had been 
differentiated to a high degree, produced by crystal fractionation (Lippard, 1973). Hay et al (1995) 
looked at the melting phase relationships of the Kenya plateau type phonolites and noted that their 
compositions indicate a possible source of lower crustal with an alkali basaltic parent. These authors 
also stated that the vast volume of magma, window of eruptive period (14-11 Ma) and uniform major 
element composition further gives evidence that these phonolites were from a shallow crustal setting 
and not a deeper origin (Hay et al., 1995).  
 




1.3.3.3 Phonolites in Stratovolcanoes 
Much work has been done on phonolites from stratovolcanoes, in part due to the explosive nature of 
phonolitic eruptions, and the flanks of these volcanoes commonly being the home to hundreds, or 
even thousands of people, regardless of the slumbering danger (Sulpizio et al., 2005; Scaillet et al., 
2008). Three prime examples are: Mount Vesuvius (Italy), Ulleung (Korea) and Tenerife (Spain). 
Mount Vesuvius is a long-lived stratovolcano which has been known for extremely large, violent and 
explosive eruptions, such as Pompeii in 79 AD which killed hundreds of people (Sulpizio et al., 2005; 
Scaillet et al., 2008). Work done by Scaillet et al (2008) has given evidence that the magma storage 
area of Mount Vesuvius has been ascending, ~9-11 km from its initial position. Magma storage areas 
are heavily constrained by pressure, temperature and volatile content, and its upward migration is 
indicative of a change of variables (Scaillet et al., 2008). Ulleung Island is currently the only evidence 
of phonolitic rock to have been observed and studied within East Asia (Brenna et al., 2014). The 
Island is an intraplate alkali volcano which gradually evolved from a basaltic shield volcano to a 
stratovolcano made of trachytic and phonolitic rocks (Brenna et al., 2014). As with Vesuvius, the 
magma feeding eruptions was episodic, with separate events resulting in different magmatic 
compositions (Sulpizio et al., 2005; Scaillet et al., 2008; Brenna et al., 2014). The final eruptive 
episode resulted in the fractionation of phonolite from a lower crust/upper mantle region (Brenna et 
al., 2014). Tenerife, the largest volcanic island of the Canary archipelago, consists of a central 
complex dominated by composite stratovolcanoes along with numerous satellite vent systems (Ablay 
et al., 1998). Like Ulleung and Vesuvius, Tenerife had episodic periods of volcanism that produced 
a variety of magma compositions (Ablay et al., 1998; Sulpizio et al., 2005; Scaillet et al., 2008; 
Brenna et al,. 2014). Unlike Ulleung and Vesuvius, Tenerife has two distinct stratovolcanoes within 
the volcanic archipelago (Pico Teide and Pico Viejo), both of which share a basanite parental melt, 
but different pre-eruptive condition (Ablay et al., 1998). The most recent magma storages of these 
stratovolcanoes were shallow at ~ 100–150 MPa and fractional crystallization having occurred at 
600-1000 MPa (Ablay et al., 1998). The volcanic episodes of both Pico Teide and Pico Viejo have 
been established to have ended with explosive phonolitic eruptions that resulted in summit collapse 
of the main central vent of the eruption (Ablay et al., 1998). The findings of these authors illustrate 
the potential hazards that phonolitic eruptions may pose for humans living on these giants’ flanks, 
due to the uncertainties of mechanisms operating and driving volcanic episodes. 
 
1.3.3.4 Phonolites in Monogenic systems 
Grant et al., (2013), noted that, where most phonolites reside around ~7 km depth (200 MPa) and 
within crustal magma chambers, few cases show a deeper region of fractionation (Grant et al., 2013). 




The authors suggest that phonolites which show minimal evidence for fractionation of feldspars and 
which bear spinel-lherzolite xenoliths, are heavily constrained to have fractionated within upper 
mantle depths and would have ascended to the surface shortly after the inclusion of the mantle 
material (Grant et al., 2013). To support their hypothesis, Grant et al., (2013) established a couple of 
models for the occurrence of the spinel-lherzolite xenoliths with in the Heldburg phonolite: (1) the 
phonolite possibly originated from within the upper mantle and as it ascended to the surface, it 
fragmented wall rock from the conduit at upper mantle and lower crustal regions, picking up the 
spinel-lherzolite xenoliths along the way (Irving and Price 1981; Grant el al., 2013), (2) the phonolite 
had formed by fractionation within the lower crust, and had mixed with a primitive xenolith bearing 
magma or crustal material during or after emplacement of the fractionated magma (Downs, 1989; 
Grant et al., 2013). The authors proposed that their models could be applied to other phonolites of a 
similar nature (Grant et al., 2013) 
 
1.3.3.5 Generation mechanisms of Phonolites within the mantle 
Laporte et al., (2014) used Piston-cylinder experiments, and geochemistry on their experimentally 
derived rocks to support their hypothesis that phonolitic lavas are produced by direct partial melting 
of upper mantle material. From their results, the authors noted that if a large portion of upper mantle 
material is enriched in potassium, then the melts that are rich in both silica and alkali would be 
generated due to the lithospheric extension, creating a phonolitic magmatic body, and if these bodies 
are large enough they would ascend to the surface (Laporte et al., 2014). Laporte et al., (2014) also 
noted that magmas of a phonolitic composition can only be produced within a restricted pressure 
range of <1000 MPa–1500 MPa, this pressure range entails that both Na2O and K2O become less 
incompatible, primarily due to plagioclase being in abundance and SiO2 is for the most part absent. 
Irving and Price (1981) suggested that few phonolites originate and fractionate from basanitic 
magmas within the realms of the upper mantle (~1000-1500 MPa), based on the observation of mantle 
xenoliths within the phonolitic or trachytic host rocks. These authors noted that the process of 
dynamic fractional crystallization of magma as it passes through the conduit, will result in the magma 
becoming more evolved as it ascends to the surface, relating this to the magmas flow rate and overall 
viscosity (Irving and Price, 1981). As the magma itself becomes more viscous, it gives less of a 
chance for the xenoliths entrapped within the magma, to settle out (Donaldson, 1985; Thornber & 
Hueber, 1982; Teagle, 1985). 
 




1.3.4 Experimental petrology 
Magmas in intraplate settings are mostly derived by partial melting of the Earth’s mantle. To enable 
the study of upper mantle processes within a controlled environment, an experimental apparatus 
capable of simulating high pressure (1000-2000 MPa) and high temperature (1200-1300 °C) 
conditions is needed. Boyd & England (1960) constructed and calibrated a piston cylinder apparatus 
that enabled the investigation of phase equilibria, volatile solubility and chemical diffusion during 
partial melting and fractional crystallisation in magmatic/volcanic systems. The piston cylinder 
apparatus is made of a tungsten carbide pressure vessel (~1 inch wide; Figure 2.1.2) that is internally 
heated, and is end-loaded during experimental runs with thrust forces of 2000–3500 MPa (150–250 
tons/inch2 ) which is delivered via a hydraulic press (Boyd & England, 1960 ).  
 
Figure 2.1.2. Schematic diagram of piston-cylinder apparatus modified from Earth Company website (2009). 
The authors based their widely used apparatus on earlier designs of Coes (1955) and Hall (1958), 
modifying the previous designs by the addition of thermocouple leads into the pressure chamber, 
enabling the control of a range of experimental high temperatures (Boyd & England, 1960). The 
apparatus is capable of operating at pressure ranges of 500–5000 MPa and temperatures exceeding 
2000 °C, enabling a wide degree of possible experimental inputs as well as the homogenisation of a 
sample by heating it to super liquidous temperatures before the experimental run (Johannes et al., 
1971; Holloway and Wood, 1988; Nelson and Montana, 1992; Massotta et al., 2012). Since its 
development, the piston cylinder apparatus has been the “go to” experimental apparatus for 




petrologically related studies. It is easily modified to suit different needs of experimental conditions, 
is user friendly, and easily reaches high temperatures and pressures (Masotta et al., 2012), enabling 
investigation of magmatic processes from the mantle to the crust. The overall mechanical operating 
and maintenance needs of the rig are minimal, making it cost-effective and safe to operate (Masotta 
et al., 2012). Due to its popularity, ample time has been invested into the calibration of the rig for a 
swath of pressures and temperatures, both at the high and low ends of the rig’s capabilities, furthering 
its potential experimental uses (Masotta et al., 2012). 
1.3.4.1  Experimental petrology on Phonolites 
Andujar and Scaillet (2012) used phonolitic obsidian from the Montaña Blanca (Teide national park, 
Spain) eruption for their phase equilibrium experiments to determine both the pre-eruptive history of 
this eruption and how magma storage conditions, primarily pressure, influence the eruptive nature of 
phonolitic magmas in this site and others. Andujar & Scaillet (2012) compared mineralogical 
compositions and the phase proportions of rocks from Montaña Blanca to their experimentally 
derived ones, and noted that the compositions indicate that the bulk of the Montaña Blanca phonolitic 
magma was stored at pressures of ~50+20 MPa and temperatures of ~850+15 °C. Harms et al (2004) 
used phase equilibria experiments on the highly evolved phonolitic rocks of the Laacher See complex, 
Germany, and determined that the most evolved phonolitic rocks had a pre-eruptive history that was 
much deeper than the Montaña Blanca phonolite (Berndt et al., 2001; Harms et al., 2004).                         
Harms et al (2004) had determined through their experimental work that the Laacher See magma had 
been saturated by water-rich fluids at depths of ~5 - 6 km, in temperatures of 750+10 °C and pressures 
of ~115–145 MPa, the authors also noted that magma storage area itself may be ~5–8 Km deep.                         
Cioni et al (1999) had conducted high pressure, high temperature experiments on the Somma - 
Vesuvius volcanic system, and experimentally constrained the storage area condition of the plinian 
eruptions to pressures of ~200+20 MPa, with temperatures of < 750–825 °C with a water content of 
c. 6 wt%. Although phonolites have been known to erupt in an explosive manner, only a handful of 
experimental studies have been undertaken, leaving wide gaps in the literature (Harms et al., 2004). 
Experimental studies have determined several key pieces of information such as direct generation of 
phonolite by mantle melting is restricted to <1000–1500 MPa (Laporte et al., 2014), volatiles play a 
more key role in the eruptive activity than initially believed (Kelly et al., 2008), chemical 
characteristics can be used as indicators for the parental melt and depth of melt (Hay et al., 1995) and 
the pre-eruptive conditions such as pressures (Andujar and Scaillet (2012). These authors all did 
experiments on “common” phonolites which do not contain mantle xenoliths, this leaves gaps in the 
literature for phonolites that have more unusual characteristics, such as the mantle xenolith bearing 
phonolite of this study. As this study will look at a phonolite with unusual characteristics, new 




parameters and constraints will be established that will further the understanding of both “common” 






Chapter 3: Methods 
1.4 Field methods 
A total of 23 samples averaging 1 kg each were collected from around the Red Cutting Summit 
(Figure 3.1.1). The Red Cutting Summit has been associated to the Pigroot Hill complex and has been 
termed “the Pigroot mafic phonolite” (Wright, 1966; Price & Green, 1971). Only in-situ outcrops 
were collected instead of loose boulders scattered around the field, and fresh inner material used to 
minimize contamination caused by weathering processes. Outcrops sampled were given GPS tags so 
that a map containing outcrop locations could later be produced (Figure 3.1.1). Xenolith-bearing 
rocks were avoided as much as possible during the field sampling process as their compositions and 
characterization are outside the scope of this study.  
 
Figure 3.1.1. Topographic map of field site, red dashed line shows field area boundary. Outcrops collected are shown by 
coloured circles with sample name marked. Colour coding indicates composition of samples as indicated by the TAS 







1.5  Petrography 
 
 
23 outcrops were sampled from around the field area, all of which were made into polished sections. 
Rocks were cut using a diamond tipped rock saw into blocks measuring ~10-20 mm height x ~40 mm 
length x ~20mm width. The blocks were then glued onto polished section glass slides                                
(47mm x 27mm x 1mm) using a compound made of West System 105 Epoxy Resin and Epoxy 
Hardener. Once set, the mounted blocks were ground down on rotating laps with increasing levels of 
grit (100, 200, 400, 600 and buff) until the blocks were ~30 µm in thickness. As polish sections were 
made rather than thin sections, no cover slip was set. The choice of polished sections is due to further 
work utilizing the SEM-EDS and Microprobe (EPMA). An Olympus BX41 rigged with a camera 
mount (using a Canon EOS 1100D) was used for petrographic observations (Figure 3.2.1). Mineral 









1.6 Whole Rock Analysis 
Of the 23 samples for which thin sections were made, 15 were selected for whole rock analysis. 
Samples were prepared for analysis by use of a hydraulic crusher and a tungsten carbide ring mill 
(Figure 3.3.1). The equipment used for sample preparation were cleaned before and after each run to 
minimise cross contamination. Cleaning of surfaces was accomplished using ethanol and an infinite 
amount of lint-free paper. The tungsten carbide mill was cleaned with quartz pebbles after each run 
and before the initial run, then ethanol was used to clean any material left in the mill. Samples were 
first broken down using the hydraulic crusher to fragments of ~3-5 mm length and ~1/2-1 mm width. 
Fragments were carefully selected, and only those that were un-weathered, un-altered, had no saw 
marks from the cutting process, and as free from xenolithic and xenocrystic material as possible were 
used. Fragments were placed in the ring mill with each sample being run for a total of 120 seconds at 
900 rpm at intervals of 30 seconds with 10 second breaks so that the samples do not overheat. Samples 
were ready when they had the same consistency as fine silt. 70 ml pots were filled with the resulting 
powders. Approximately 10 g of each of the selected samples was sent to CRL in Lower Hutt for 
borate fusion/X-ray fluorescence spectrometry of selected major oxides and powder briquette/X-ray 
fluorescence spectrometry for selected trace elements. Additionally, 10 g of selected samples were 
also sent to ALS in Brisbane, Australia for whole rock fusion/XRF for major element analysis and 
ICP-MS for the trace element analysis. The remaining powdered samples were used for experimental 
petrological work.  
                          
Figure 3.3.1. Hydraulic crusher fitted with a splitting jaw and a crushing plate (A) and Ring mill (B) located within the 






1.7 Microchemical Analyses 
1.7.1 SEM-EDS Analysis 
The scanning electron microscope (SEM) housed in the Otago Micro and Nanoscale Imaging located 
on the University of Otago campus, was used for mineral identification and exploratory major element 
mineral geochemistry by use of electron dispersive spectroscopy (EDS). Prior to being analysed, 
polished sections were prepared by carbon coating using an Edwards E306A vacuum coating 
apparatus with pre-set settings. The SEM used is a Zeiss Sigma VP FEG Scanning Electron 
Microscope, which is fitted with an HKL INCA Premium Synergy Integrated EDS/EBSD. See Table 
3.1 below for the operating settings used with the SEM. 
 
Table 3.1. SEM operation settings used during analysis of samples from this thesis as set by the technician. 
EHT 15 kV 
Aperture 120 µm 
Working distance 8.5 mm 
Electron Beam Calibration AZtec in built standard (calibrated on cobalt) 
 
 
Data collection, analysis and standardisation was done on the SEM operating software called AZtec 
from Oxford Instruments. Mineral identification and chemistry was done by “Point and ID” method, 
the collected data was later put into an Excel spread sheet and interpreted using mineral chemistry 
charts from “An Introduction to the Rock Forming Minerals” book by Deer et al (2013). 
1.7.2 Microprobe (EPMA) analysis 
Chemical composition of individual crystals from both the experimental and natural sample suites 
was carried out with a JEOL-JXA 8200 Microprobe (EPMA) combined EDS-WDS (five 
spectrometers with twelve crystals) at the HP-HT laboratory of Experimental Volcanology and 
Geophysics of the Instituto Nazionale di Geofisica e Vulcanologia (INGV) in Rome, Italy. See Table 






Table 3.2. Microprobe operation settings during all analysis of samples of this study, with the counting times referring to 
individual element analysis. 
Accelerating Voltage 15 kV 
Beam Current 7.5 nA 
Electron Beam size 5 µm 
Counting Time (background) 5 seconds 
Counting Time (peaks) 10 seconds 
 
The standards used for calibration of the Microprobe and for various elements were as follows: albite 
(Si, Al and Na), forsterite (Mg), pyrite (Fe), rutile (Ti), orthoclase (K), apatite (Ca and P), celestine 
(Sr) and rhodonite (Mn). With the sodium and potassium standards having been analysed first to 
prevent alkali migration effects. 
Microprobe precision was measured by analysis of well-characterised mineral standards which were: 
Augite, Olivine, Labradorite and Orthoclase. The precision of the analyses was calculated to be >5 
% for all cations, this was established by use of statistics to calculate analytical uncertainties relative 
to reported concentrations (see appendix 1 table 1).  
Data collected by the Microprobe was exported directly as an Excel file in the form of numerical 
values which were later interpreted by use of mineral chemistry diagrams obtained from “An 
Introduction to the Rock Forming Minerals” book by Deer et al (2013).  
 
1.8 Experimental Petrology – Crystallization Experiments 
 
Fractional crystallization experiments and their analysis was conducted during a campaign in the 
High-Pressure High-Temperature laboratory at the National Institute of Geophysics and Volcanology 
(INGV) in Rome, Italy. The starting material used for all experiments was selected from the natural 
samples collected at the field site, the sample chosen was a phonotephrite labelled PR03, the sample 
was the least affected by alteration among all the samples. PR03 was turned to a powder which was 
then homogenised by putting it in a platinum crucible and melting the powder at 1300 ᵒC for an hour, 
turning the powder into a glass (see appendix 2 section 1). Petrographic and Microchemical analysis 
of the glass revealed that it was homogenous in composition and free of any crystalline phases. The 
glass was then crushed using an agate pestle until it became a fine powder (as fine as silt) and this 
served as the starting material for all experimental runs (see appendix 2 section 1). A non-end loaded 





temperature and pressure conditions of the magma storage area under the field locality situated in 
Central Otago. The housing in which the experimental assembly was loaded into is referred to as the 
“bomb”. The bombs are water cooled to keep it from over-heating and allows for a rapid iosberic 
quenching. A forced cooling unit (standard fan) is used when the Quickpress is running to prevent 
the electrical cables from melting due to the high electrical input. The use of a ½” high pressure 
assembly loaded with a single Pt-capsule containing the starting material was used. Pt-capsules were 
used due to the metal having a high melting point and it being non-reactive (van Der Laan and van 
Groos, 1991). The assemblies were made from a magnesium rod filled with pyrophyllite powder, a 
graphite tube with a graphite cap, a pyrex tube and a salt cell, with the capsule sitting inside the 
magnesium rod surrounded by pyrophyllite powder (see appendix 2section 4 and 6), this created a 
redox state that was close to NNO+2 oxygen buffer (Masotta et al., 2012). Pyrophyllite powder was 
used with two reasons, 1) aiding in the prevention of loss of volatiles within the capsules and 2) to 
enhance the stress homogenization within the assembly during the initial compression stage (Freda 
et al., 2001; Freda et al., 2008). Two sets of experiments were undertaken, these were 1) anhydrous 
and 2) hydrous. The starting material for both anhydrous and hydrous experiments was oven dried at 
100 °C for 12 hours before each capsule was created to make sure no volatiles, other than those 
purposefully introduced were present. Experiments that were under hydrous conditions had the 
addition of 4 % deionized H2O included into the capsule (see appendix 2 section 3). Both sets of 
experiments (anhydrous and hydrous) had two variables for the pressure and temperature, these were 
800 MPa, 1200 MPa and 950 °C, 1050 °C (table 3.5). The experiments were initially pressurized at 
room temperature to the desired pressure of 800 MPa or 1200 MPa, after which the target pressure 
was maintained as the rig climbed to the desired temperature. The desired pressure was maintained 
throughout the entire run of an experiment. The experimental capsules were heated from room 
temperature to the target temperature of 950 °C or 1050 °C. Temperature was made to climb at a 
steady rate and when it reached the set peak it plateaued and stayed constant to within ±3 °C for the 
duration of the experiments which was 48 hours ± 2 hours. The run time of experiments was chosen 
in order to achieve equilibrium crystallization conditions and to maintain these conditions for a 
duration long enough to allow crystal phases to crystallise. To monitor the temperatures within the 
assembly, factory-calibrated K-type thermocouples with an uncertainty of ±3 °C (Masotta et al. 
2013). Once the experiments had run for the desired time an isobaric quench at ~100 °C/s was done 
in order to quickly stop the experiment and to make sure no quench crystals would form. Once the 
capsules were extracted from the assembly they were put into epoxy pucks. The pucks were then 
sanded down until they had a mirror finish and no imperfections on the surface                                          





Table 3.5 Table showing the combinations of pressures and temperatures used in the experimental runs. Experimental 

















Figure 3.6. Photo showing Quickpress rig, Quickpress console, forced cooling unit and various sized Bombs. (photo 
credited to Dr. Chris Hardbord, Stefano Aretusini for scale).  
Sample Pressure (MPa) & Temperature (ᵒC) 
Anhydrous experiments 
PR1A 1200 MPa at 1050 ᵒC 
PR5A 1200 MPa at 950 ᵒC 
PR8A 800 MPa at 1050 ᵒC 
PR9A 800 MPa at 950 ᵒC 
Hydrous experiments (4% added H2O) 
PR2H 1200 MPa at 950 ᵒC 
PR3H 1200 MPa at 1050 ᵒC 
PR4H 800 MPa at 1050 ᵒC 





Chapter 4: Results 
1.9 Field work 
Outcrops sampled for geochemistry were used to aid in establishing contacts between outcrops, 
figures mentioned in this section are highlighted to give more context to the spread of compositions 
(Figure 4.1.1). Field observations showed that there was clear heterogeneity between outcrops, in 
terms of: (i) outcrop colour, (ii) xenolith size (<1 mm-> 60 cm) and (iii) xenolith abundance (Figure 
4.1.2 and 4.1.3). Outcrop discrepancies were evident on a meter scale, consistent with the 
observations of Teagle (1985). The focus of this study is the host rock itself, rather than the xenoliths, 
for this reason samples collected were as free of xenolithic material as possible. The variation in host 
rock colour was found to be due to the crystallinity of the outcrop, with a darker colour being more 
finely crystalline and lighter colour being more coarsely crystalline. Field observations established a 
variety of outcrops such as: (i) outcrops with a patchwork of xenoliths that varied between outcrops 
(Figure 4.1.2 and 4.1.3), (ii) large prominent basaltic columns 1-2 m wide and up to 12 m high (Figure 
4.1.4), (iii) pillow lavas (Figure 4.1.5) and (iv) tuff beds (Figure 4.1.6). The pillow lavas and tuff beds 
found were below the main lava body, along the road cutting created by the farmer. lava with 
abundant inclusions of cogenetic volcanic clasts were also observed in some of the outcrops, with the 
one being sampled from PR14 (Figure 4.1.7), this sample is referred to as PR-Mix. 
 
Figure 4.1.1. Geologic map of field area with contacts derived from rock composition. Colours are correlated to Figure 







Figure 4.1.2. Outcrop with no evident xenoliths. Canon lens cap for scale. 
 
 
Figure 4.1.3. Outcrop showing high size variability of lherzolite xenoliths within host rock. Distribution of xenoliths was 








Figure 4.1.4. Column basalts 1-2 m wide and up to ~12 m high. Basaltic columns were very coarse grained with minimal 
xenolithic material observed. Dr. Marco Brenna (1.88 m) for scale. 
 
            
Figure 4.1.5. Pillow lava with a faint, but clear altered glassy rim (highlighted with red dashed lines, photo A) and 
vesiculated core. These indicate a waterbody that was present during time of eruption. The pillow lavas were below the 










Figure 4.1.6. Tuff bed below the main lava body, not sampled. Estwing hammer for scale. 
 
Figure 4.1.7. Clastogenic lavas PR14. Hammer handle for scale (width of handle ~ 4cm). 
 
1.10  Mineralogy  
1.10.1 Petrography 
Polished sections of the host rock show compositions of phonotephrite, tephriphonolite, 
trachyandasite and phonolite, with textural heterogeneities between samples and varying mineral 
abundances. Minerals present in the samples are fairly constant with all samples containing the 
primary igneous minerals of k-feldspars and clinopyroxenes, amphibole and oxides. Olivine is also 





1.10.1.1 Petrographic observations of samples PR01, PR02 and PR23 
Chemical composition (on a TAS diagram, Figure 4.3.1): PR01 and PR02 are trachyandesite, PR23 
is a tephriphonolite 










   Two distinct domains are present in both samples. A lighter domain 
made up more heavily of feldspars (60 % feldspar: 10 % opaque 
minerals: 30 % other groundmass minerals.) and a darker domain 
that is more heavy with opaque minerals and has larger interstitial 
gaps between the feldspars which are finer than those observed in 
the light domain (55 % feldspar: 15 % opaque minerals: 30 % other 
groundmass minerals). The dark domains can be seen scattered 
across the samples and are commonly tear drop shaped (Figures 
4.2.1, 4.2.2 and 4.2.6).  
Phenocrysts 
Feldspar 15 0.1-0.4 
Euhedral-subhedral, all of these have some zonation, jagged edges 
and fracturing throughout the crystal. ~30 % of phenocrystic 
feldspars exhibit minor undulose extinction, this was not observed in 
the groundmass feldspars. Inclusions of aegirine-augite and opaques 








Euhedral-subhedral (and almost anhedral). 70-80 % have a core and 
rim with the core being a darker colour than the rim. In ppl these are 
a pleochroic olive green-apple green, ~5 % of the microphenocrystic 
crystals exhibit weak blueish pleochroism. In xpl ~60-70 % of 
crystals exhibit 1st order orange colours, the rest exhibit 2nd order 
blues. The euhedral crystals are octagonal-hexagonal, the subhedral 
vary between a more rounded structure to an elongated crystal. Very 




~60 % of the phenocryst sized opaques have some form of zonation. 
80 % of opaques observed are subhedral - anhedral, however some 
(rare <5 %) retained a hexagonal or cubic structure of the original 
crystal. The larger opaques have rims of aegirine-augite and 
groundmass opaques. There are several types of opaques in these 
samples, a dark black variety, a more reddish-brown variety and 
some variation of the two. In some cases, the zoned opaques have 
the reddish core and a darker rim. In PR01 ~40 % of the opaques 








Table 4.1. Continued. 
Leucite 5-10 ~0.5- ~1 
These are seen throughout the slide as spherical "golf balls". All 
display "mud like" fracturing. In PR02 (ppl) they are a dirty cream 
colour with patches of a light reddish brown. These minerals are 1st 
order grey (xpl) with undulosing extinction. None of the leucites 
have opaque rims, and they only occur in the lighter domain. In PR01 
they are more altered than in PR02 as they are brownish red with 
alteration halos (ppl). The leucite crystals are only present within the 
light domain and not the dark domain (Figures 4.2.5 and 4.2.6). 
Nepheline <1 0.06-0.1 
 Euhedral-anhedral. Euhedral crystals have a hexagonal 
crystallographic shape, these make ~20 % of crystals observed. 
Crystals are highly fractured, low birefringence colours (mottled 
greys) in ppl looks like a dusty feldspar with no pleochroism (Figure 
4.2.5). 
Amphibole <1 0.04-0.06 
Light reddish brown in ppl and slightly pleochroic. Euhedral-
subhedral. These are less common than the groundmass variety. The 
euhedral crystals (<30 % of crystals observed) have a hexagonal 
structure with the cleavages clear to identify. The subhedral crystals 
are more prevalent, these have rounded edges and most are rounded 
and becoming anhedral (Figure 4.2.4). 
Groundmass 
Feldspar 45 0.05-0.1 
Euhedral to partial subhedral, forms laths, bladed - columnar, both 
intergranular and spherulitic (or variolitic?) textures can be 
observed. No preferred orientation. Larger groundmass crystals have 




 The opaque minerals observed that occur as groundmass also are 
found in high concentrations as alteration rims around minerals. The 
crystals observed range from euhedral to anhedral, the euhedral 
crystals are either hexagonal or cubic. Triangular varieties are also 
common, though this is due to the orientation of the mineral with the 
position of its C axis. Two varieties of opaque minerals are observed, 
a dark black and a more reddish variety. These are either a Ti-
magnetite or ilmenite. The opaques are found throughout the samples 
within the groundmass as interstitial crystals and growing within 
larger minerals (Figure 4.2.5). 
Aegirine-augite 10 0.01-0.05 
These are small euhedral tabular to anhedral crystals throughout the 
groundmass of the samples. Two main textural varieties can be 
observed, (1) smaller interstitial euhedral crystals (and those 
included in other minerals) and (2) larger anhedral (or subhedral) 
crystals that fill gaps between crystals. They are highly concentrated 
around the altering rims of larger crystals but are prevalent 
throughout the samples. They are pleochroic apple green in ppl and 
up to 2nd order blue (highest seen) in xpl, but more commonly dark 
orange (Figures 4.2.3 and 4.2.4). 
Nepheline <1 0.02-0.05 
 Anhedral, interstitial and fills gaps between crystals, very prevalent 
in areas of alteration of feldspar into clay. Low birefringence colours 
(mottled greys), in ppl looks like a dusty feldspar with no 
















Amphibole <1 0.01-0.04 
These are more common than the microphenocrystic amphiboles. 
These are all anhedral, forming alongside opaque minerals as 
interstitial crystals filling the gaps between crystals. Mod- high 
relief, pleochroic reddish brown in ppl and a dark red-black in xpl 
(Figure 4.2.5). 
Xenocryst/xenolith 
Olivine 5-10 0.5-1 
Anhedral to subhedral, all olivine crystals have reaction rims of 
opaques (varying thickness) then aegirine-augite (varying in 
thickness, but more constant than the opaques). All olivine crystals 
have fracturing across the crystal. Some are skeletal and have very 




Subhedral-anhedral. All of these have an alteration rim, though the 
thickness varies between crystals. The alteration rims are mainly 
formed of opaques and groundmass aegirine-augites. In ppl the 
crystals exhibit pleochroism of a light green or very weak 
pleochroism that is hard to distinguish. In xpl the birefringence 
colours observed are up to 2nd order blue. The crystals have jagged 
edges and uneven rims. The majority of xenocrytic cpx are observed 
within clusters alongside other crystals (of cpx, Olivine or opx). 
Some crystals have a core and rim with the core often a dark blue 
and rim a lighter green. These crystals also exhibit a core that is more 
rounded and a rim which has many jagged edges. Few of these 
crystals exhibit two pleochroism colours, with the cores being 
clear/weakly pleochroic and the rims being an apple green with 





Subhedral-anhedral. ~60 % of those observed have exsolution 
lamellae. They are pleochroic green to a dusty grey in ppl, in xpl they 
have a low birefringence colour (greys). Larger crystals are observed 
in clusters with other minerals (olivine primarily), where are smaller 
crystals can be seen isolated from other xenocrystic crystals. All of 
these have alteration rims of opaque minerals and groundmass 
aegirine - augites. The lone crystals have a much thicker alteration 
rims than the clustered crystals (Figures 4.2.9 and 4.2.10). 
Alteration/other observation 







Figure 4.2.1. Photomicrograph in PPL and XPL showing the two domains present in these samples.  
 
Figure 4.2.2. Photomicrograph in PPL and XPL showing patches of dark domains included within a lighter domain. 
Highlighted are the altered (alt) leucite crystals only observed within the lighter domain, and groundmass nepheline also 
only observed within the lighter domain.  
Phenocrysts: 
 
Figure 4.2.3. Photomicrograph in PPL and XPL highlighting a zoned Clinopyroxene (cpx) phenocryst (pheno) and several 






Figure 4.2.4. Photomicrograph in PPL highlighting phenocrystic subhedral-semi euhedral amphiboles and groundmass 
aegirine - augites (aeg-aug).  
 
Figure 4.2.5. Photomicrograph in PPL and XPL highlighting the altered leucite observed in PR01, groundmass amphibole, 
CPX (Clinopyroxene), groundmass and phenocryst sized opaque minerals and groundmass nepheline.  
 






Figure 4.2.7. Photomicrograph in PPL and XPL exhibiting both groundmass (GM) and phenocrystic (pheno) feldspars.  
Groundmass: 
 
Figure 4.2.8. Photomicrograph in PPL and XPL highlighting groundmass nepheline (Neph) and a zoned phenocrystic 
Clinopyroxene (CPX).  
Xenocrysts: 
 
Figure 4.2.9. Photomicrograph in PPL and XPL showing an anhedral orthopyroxene (OPX) xenocryst (xeno), opaque 







Figure 4.2.10. Photomicrograph in PPL and XPL showing a xenolith made of orthopyroxene (OPX), Clinopyroxene 
(CPX), Olivine (OLI). 
 
Sample: PR03, PR17 and PR18 
Chemical composition (on a TAS diagram, Figure 4.3.1): phonotephrite  
Table 4.2. Petrographic observations, mineral modal % and crystal sizes in samples PR03, PR17 and PR18 
Observations 
Minerology 
Mineral Modal % Crystal size (mm) Texture 
Phenocrysts 
Opaque minerals 10-20 0.2-<4 
These have a very large range of sizes, the largest of which is 
~4 mm at its widest points. Observable to be euhedral (cubic - 
hexagonal) to anhedral. There are few opaques larger than 1 
mm, 95 % of those observed are small than 0.5 mm. 10-20 % of 
the phenocryst sized opaques (0.4-0.5 mm) exhibit a subhedral 
shape most commonly a rectangle, the microphenocryst sized 
opaques exhibit a more square or hexagonal shape. These have 
a wider distribution of shapes observed (from euhedral–
anhedral). The largest opaque observed is in PR17, it is semi-
euhedral diamond shaped and measures ~4 mm (Figure 4.2.13). 
Clinopyroxene 
(CPX) 
<10 0.1- <0.3 
Sporadically observed they range from euhedral (30 %), 
subhedral (50 %) and few (20 %) anhedral. Those that exhibit a 
euhedral structure are hexagonal in appearance. In xpl they 
exhibit an orange birefringence and in ppl are a pale pleochroic 








Table 4.2. Continued. 
Xenocryst/xenolith 
Olivine 10-15 0.2 - <0.7 
~30 % - 40 % of the olivine crystals exhibit undulosing 
extinction. 95 % olivine crystals exhibit disequilibrium in the 
form of alterations (opaque rims, turning into clays or oxidizing 
into opaques). The majority of crystals are anhedral-subhedral 
with rare (~5 %) being semi-euhedral. All have alteration rims 
or reaction rims. The majority of olivine observed have high 
birefringence colours, most are pink to green, but some exhibit 
blues as well. There are fragments of olivine scattered across 
the slide, these are microphenocryst sized, ~5 % of these have 
an almost euhedral crystallographic shape (hexagon). The 
olivine’s in PR18 all exhibit zonation and some (~20 %) exhibit 





Olivine <5 0.6 
A single euhedral (hexagonal) crystal with minor alteration 
observable in PR03. It is the largest crystal in the slide (~0.6 
mm) The alteration that is observable in this crystal is the minor 
amount of opaque minerals and aegirine-augite inclusions that 
are found within cracks of the crystal and the infilling of the 
cracks with a zeolite type mineral. A key observation of this 
crystal is its low birefringence colours (grey; Figure 4.2.12). 
Groundmass 
Feldspar >40-<60 aphanitic These are undistinguishable within the groundmass. 
Opaque minerals ~20-25 0.04-0.2 
Large distribution of sizes and shape, ranging from euhedral 
(square/hexagonal) to anhedral. Seen throughout the sample in 
high abundance, highest concentrations are around the 
alteration rims of xenocrysts, primarily those of OPX, less those 
of olivine (Figures 4.2.12 and 4.2.13). 
Aegirine-augite 20-30 0.01-0.07 
These are small euhedral tabular to anhedral crystals throughout 
the groundmass of the samples. Two main textural varieties can 
be observed, (1) smaller interstitial euhedral crystals (and those 
included in other minerals) and (2) larger subhedral/euhedral 
crystals that are found within vugs. They are highly 
concentrated around the altering rims of larger crystals and in 
some of the vugs, but are prevalent throughout the samples. 
They are pleochroic apple green in ppl and up to 2nd order blue 
(highest seen) in xpl but are more commonly a dark orange 
(Figure 4.2.11). 
Nepheline <1 0.05-<0.1 
Anhedral, observed across the slide as small random patches. 
White in ppl and first order grey in xpl with low relief. 
Commonly observed to have inclusions of aegirine-augite 












Subhedral–anhedral. Crystals observed are a dusty grey in ppl 
with no pleochroism distinguished, in xpl they have a low 
birefringence colours (greys) as is typical for OPX. The OPX 
within this sample are found as either (1) isolated crystals or (2) 
as part of a xenolith. All the crystals (xenolithic or xenocrystic) 
range in size form 0.3 - ~1 mm, and crystals which are in direct 
contact with the melt have alteration rims of opaque minerals 
and groundmass aegirine - augites. Exsolution lamellae are not 




Subhedral-anhedral. These are prevalent in PR17 and not 
commonly seen in PR03. Have distinguishable simply twining, 
with darker and lighter green zones observable in ppl, 
birefringence colours are up to 2nd order blues and greens. 
Opaque rims are common with all CPX xenocrysts, some 
alteration into clay is also evident (Figure 4.2.16). 
Alteration/other observation 
Clay ~ ~ 
Alteration of clay can be observed in some of the fractures that 
occur in the xenolithic/xenocrystic and phenocrystic crystals 
(Figure 4.2.16 and 4.2.19). 
Vugs ~ ~0.1 - <0.5 
In sample PR17 these can be seen throughout the sample but are 
more concentrated in one corner of the slide, whereas they are 
sporadic and less common in PR18. Two textural varieties of 
vugs can be observed (1) anhedral and more roundish and (2) 
anhedral but elongated. In the area of higher concentration there 
is an observable weak alignment of the more elongated vugs. 
All vugs observed are anhedral and are infilled with randomly 
orientated feldspars. In ~40 % of the vugs observed there are 
also aegirine-augite, these are in very high concentrations and 
are 3 times the size of the aegirine-augite found within the 
groundmass. PR17 and PR18 both have vugs that are infilled 
with fast growth fast quenched feldspars. These have a square 




~ Aphanitic - 0.2 
A xenolith of basement schist which was included into the melt 
can be observed in PR17. The quartz is altered with grain 
boundary migration and found within a fragment of basement 
schist. Also observable in this inclusion are fast growth fast 
quench feldspars, bladed feldspars, nepheline, sodalite and 













Figure 4.2.11. Photomicrograph in PPL and XPL highlighting both a euhedral and subhedral Clinopyroxene phenocrysts 
(CPX) and several groundmass aegirine-augite (aeg-aug).  
 
Figure 4.2.12. Photomicrograph in PPL and XPL showing the only phenocrystic olivine in these samples, found in PR03. 
Also highlighted are phenocrystic clinopyroxenes (CPX) and groundmass (GM) opaque minerals.  
 
Figure 4.2.13. Photomicrograph in PPL and XPL highlighting a phenocryst (pheno) sized opaque, groundmass (GM) 








Figure 4.2.14. Photomicrograph in PPL and XPL highlighting a vug infilled with feldspars and aegirine-augite (aeg-
aug). Also highlighted are groundmass opaque minerals.  
Xenocrysts: 
 
Figure 4.2.15. Photomicrograph in PPL and XPL showing an anhedral orthopyroxene (OPX) xenocryst (xeno). 
Highlighted are the opaque reaction rim (alt rim).  
 
Figure 4.2.16. Photomicrograph in PPL and XPL showing a clinopyroxene (CPX) xenocryst that is displaying simple 







Figure 4.2.17. Photomicrograph in PPL and XPL showing a xenolith made of orthopyroxene (OPX and Olivine (OLI). 
Note: there is a vug at the left of the xenolith, this is infilled with feldspars.  
 
Figure 4.2.18. Photomicrograph in PPL and XPL highlighting an olivine (OLI) exhibiting kink banding, a vug infilled 
with aegirine-augite, feldspar and clay. Also highlighted is nepheline (neph) 
Alteration / Other 
 
Figure 4.2.19. Photomicrograph in PPL and XPL showing a quartz (QTZ) rich xenolith, a vug infilled with feldspars 






Petrographic observations of samples: PR04, 05, 11, 16 and 22 
Chemical composition (on a TAS diagram, Figure 4.3.1): phonotephrite (PR04, 05, 11 and 22) and 
tephriphonolite (PR16). 









Domains   
Two segregation domains are present, these have some overlap but can 
be easily distinguished as one is mafic and the other is not. One domain 
is coarse and has the phenocrystic feldspars, CPX, amphiboles and 
xenocrysts. The other domain is fine and is made up of groundmass 
aegirine-augite, opaques, amphiboles, feldspars and nepheline with no 
phenocrystic crystals observable (Figure 4.2.20). 
Phenocrysts 
Feldspar 20-40 0.5 - >1 
Multiple textural varieties of feldspars can be observed within these 
samples. The feldspar phenocrysts vary from being bladed to lamellar 
and from being blocky dominatingly large crystals to finer bladed 
crystals that are radially growing from one point and also as smaller 
crystals growing with a “feather” like texture radiating from the larger 
feldspars. The majority of feldspars exhibit Carlsbad twining, but 
polysynthetic, penetrating and complex twining are also observed. All 
feldspars observed have inclusions of (primary) aegirine-augite and 
(secondary) opaques and minor amphibole. The feldspars vary from 
euhedral to subhedral, all have jagged edges and have fractures running 
through them (more in larger crystals than smaller ones; 





Euhedral-subhedral. All euhedral crystals observed have a hexagonal 
tabular structure, are weakly pleochroic in ppl and orange in xpl with 
no zonation observed. In contrast the subhedral crystals all are zoned, 
with a rim that is a darker green in ppl than the core, and are display 
birefringence colours as high as blues-purples in xpl, but are more 
commonly orangey/yellow/reds. Both textural varieties have inclusions 
of aegirine-augite, opaques and have fractures within/across the 
crystals. The subhedral variety have a wider range of sizes than the 
euhedral variety (Figures 4.2.25 and 4.2.26). 
Opaque minerals <5 0.1 - ~0.7 
All observed are anhedral with varying degrees of rounded edges. Not 
as common as the groundmass variety. These are all observed to be 
black in colour, with some being slightly elongated. Several of the 










































Amphibole ~5 0.1-0.3 
Euhedral-anhedral. The euhedral variety come in two forms 1) 
phenocrystic sized and diamond shaped, 2) microphenocrystic and 
hexagonal in shape. The diamond shaped variety have the same 
birefringence and pleochroism as the anhedral variety which is a 
light tan-darker brownish red in ppl and browns-maroon in xpl. 
The microphenocrystic variety are much darker in both 
pleochroism and birefringence than the larger crystals. Both the 
phenocrystic and microphenocrystic amphiboles are less common 
than the groundmass amphiboles (Figures 4.2.24 and 4.2.20). 
Sodalite <1 0.1-0.4 
All observed are euhedral with a hexagonal structure. Isotropic 
and clear in ppl. All crystals observed were found within 
nepheline, distinguishable from nepheline by its euhedral structure 
and moderate relief. No pleochroism, inclusions or fractures 
observed with any of the crystals (Figure 4.2.28). 
Nepheline <5 0.2-~0.7 
Anhedral, mottled birefringence and dusty clear in ppl. Often is 
observed to fill space between crystals, ~10 % of those observed 
have sodalite crystallised within the nepheline crystal (Figure 
4.2.28). 
Groundmass 
Feldspar ~20 0.1-0.5 
These are bladed, euhedral with some jagged edges and fractures. 
All exhibit Carlsbad twining. Inclusions of aegirine-augite can be 
observed. No preferred orientation observed. Alteration into clays 
can be observed in areas of higher abundance (Figure 4.2.23). 
Opaque minerals ~25 0.05-0.08 
Euhedral-subhedral. Are cubic or hexagonal, commonly 
associated with groundmass and microphenocrystic amphibole as 
well as Fe-staining. Commonly seen as inclusions within 
phenocrystic crystals and larger groundmass feldspars. All 
observed are black. Observed in higher abundances as alteration 
rims around xenocrystic crystals (and their remnants; Figures 
4.2.20, 4.2.26 and 4.2.27).  
Aegirine-augite 30-35 0.05-0.07 
Euhedral tabular, apple green in ppl and 1st order orange in xpl. 
These are in high abundance with the more mafic domain are the 
main constituent of it. Found as free crystals, as inclusions within 
larger crystals and within vugs. Those that are observed within the 
vugs are ~3 times as large as the free crystals (and those that are 
occur as inclusions; Figures 4.2.20, 4.2.25, 4.2.27 and 4.2.33). 
Nepheline ~10 ~ 
Anhedral and fill in voids between crystals. 1st order greys 
(mottled) and dusty clear in ppl. (Figures 4.35 and 4.38) 
Amphibole <5 0.05-0.07 
Anhedral, pleochroic tan brown to reddish brown, birefringence of 
dark brownish red. These vary in birefringence with some being 





Table 4.3. Continued 
Xenocryst/xenolith 
Olivine <5 0.4 - <1.5 
These are all anhedral, with fractures through the crystals. Weakly 
pleochroic and has birefringence of up to light green, commonly 
seen as blues. Dissolution reactions are evident by the crystals 
displaying a core and rim like birefringence with the centre of the 
crystal a different colour to the rim. ~20 % have kink banding. 
Within the crystal’s fractures clay and Fe-staining can be observed. 
All crystals have a rim of opaques, the thickness of which varies 
between crystals. Clay is commonly observed with the olivine 
xenocrysts. Inclusions of aegirine-augite are also commonly 





Only one crystal observed across all samples. It is anhedral with 
dissolution/resorption into the melt as is evident by the 
Clinopyroxene alteration and Exsolution lamellae (weak). The 
crystal is dusty clear in ppl and 1st order grey in xpl (Figure 4.2.30). 
Alteration/other observation 
Vug <1 0.2-0.7 
These are sporadically observed across the samples. They are often 
infilled with aegirine-augite and nepheline. The aegirine-augite 
within the vug are much larger than those outside of the vug and 
are subhedral - euhedral. The aegirine-augite inside the vug share 
the same characteristics of those outside the vug in terms of 
pleochroism and birefringence. Few opaques can also be seen in 
some of the vugs (Figure 4.2.33). 
Calcite <1 ~ 
Observed in the remnants of xenocrysts. Displays stereotypical 
birefringence associated to calcite. The calcite looks as though it 
replaced the alteration of the original crystal (Figure 4.2.32). 
Fe-staining  ~ 
Fe-staining is commonly observed in these samples and is 
commonly associated with opaque minerals, amphiboles and clay 
(Figure 4.2.29). 
Clay  ~ 
Clay is observed as alteration of minerals, primarily feldspars. 
Commonly seen as alteration in cracks of olivine crystals and in 
patches where there is a higher density of feldspars and/or 




Figure 4.2.20. Photomicrograph in PPL showing segregation domains, highlighted are anhedral and subhedral amphiboles 







Figure 4.2.21. Photomicrograph in XPL highlighting a large phenocrystic alkali feldspar (feld) displaying polysynthetic 
twining.  
 
Figure 4.2.22. Photomicrograph in XPL highlighting phenocrystic feldspars with varying textures. Radiating feldspars 
(feld (r)) can be seen alongside much larger, randomly orientated phenocrystic (pheno) feldspars (feld) of the same 
composition.  
 
Figure 4.2.23. Photomicrograph in XPL showing three textural varieties of feldspar. Feathery phenocrystic (Pheno F) 






Figure 4.2.24. Photomicrograph in PPL and XPL highlighting euhedral phenocrystic (pheno) and anhedral amphibole 
(amphi), as well as groundmass (gm) amphibole. 
 
 
Figure 4.2.25. Photomicrograph in PPL and XPL highlighting a zoned subhedral phenocrystic Clinopyroxene (CPX), a 
phenocrystic feldspar (feld) and groundmass aegirine-augite (aeg-aug).  
 
Figure 4.2.26. Photomicrograph in PPL and XPL highlighting a euhedral Clinopyroxene (CPX). Also highlighted is a 






Figure 4.2.27. Photomicrograph in PPL and XPL showing a phenocryst (pheno) sized anhedral opaque mineral as well as 
groundmass (GM) opaques. Also highlighted are aegirine-augite (aeg-aug).  
 
 
Figure 4.2.28. Photomicrograph in PPL and XPL highlighting a euhedral sodalite (Soda) within anhedral nepheline 
(neph). Also highlighted are columnar feldspars.  
 








Figure 4.2.30. Photomicrograph in PPL and XPL highlighting a xenocrystic orthopyroxene (OPX) with a reaction rim 
of Clinopyroxene (CPX).  
 
 
Figure 4.2.31. Photomicrograph in PPL and XPL highlighting a xenocrystic olivine (OLI) that exhibits kink banding. 
Also highlighted are clays that boarder the crystal.  
Other: 
 
 Figure 4.2.32. Photomicrograph in XPL showing a fully altered crystal (Alt Xeno) with calcite (Cal) grown within the 














Petrographic observations of samples: PR06, 08, 09, 10, 12, 13, 14, 15, 19, 20 and 21  
Chemical composition (on a TAS diagram, Figure 4.3.1): trachyandesite (PR14), phonotephrite 
(PR06, 08, 09, 10, 20 and 21), phonolite (PR15 and 19) and tephriphonolite (PR 12 and 13). 
Table 4.4. Petrographic observations, mineral modal % and crystal sizes in samples PR06, PR08, PR09, PR10, PR12, 
PR13, PR14, PR15, PR19, PR20 and PR21 
Minerology 





Domains   
Three domains can be observed in these samples. A coarse 
domain (C), a fine domain (B) and a medium domain (A). The 
differences between the domains are as follows: Domain A 
has the other two domains residing within it. It is the 
“medium” domain as it the groundmass crystals that fall 
between the fine grained and coarse-grained domains. 
Xenocrysts and xenoliths are only found in this domain. It is 
higher in abundance of aegirine-augite than domain C, but less 
so than domain B. The feldspars in this domain form laths and 
are interlocking with minimal interstitial gaps, unlike domain 
C. There is a larger variety of crystal sizes within this domain 
(referring to all crystal species) when compared to the other 
two, as well as heavy alteration of feldspars into clays and Fe-
staining. Amphiboles (phenocrystic and groundmass) are both 
found within this domain, though not in as high abundances as 
domain C. Domain B is the least common and observed in 
only a few instances as well as being the most mafic. This 
domain is finely crystalline and has the highest modal count 
of groundmass opaque minerals and the highest modal count 
of the aegirine - augite. Fe-staining is visible around many of 
the opaque minerals. No phenocrystic or xenocrystic crystals 
are observed in this domain. Amphiboles can be observed in 
this domain only as anhedral groundmass grains. Domain C is 
coarsely crystalline, with the largest feldspar crystals observed 
from the three domains (same size as the phenocrystic 
feldspars of domain A). Unlike the other domains, there are 
large interstitial gaps between the feldspars, within these gaps 
semi-euhedral sodalite, anhedral nepheline and 
microphenocrystic euhedral amphiboles can be observed. 
Observed in lower modal count than in domains A and B are 
the groundmass aegirine-augite that can be observed as 
inclusions within the feldspars and within the interstitial gaps. 
The highest modal count of groundmass amphiboles are 
within this domain and these fill up space (anhedral) between 
the feldspar crystals, opaque minerals are also seen, but not as 
heavily as in domain B. Sodalite is observed only within this 













Feldspar <4 ~0.25 
Rare, observed only in the medium domain (domain A). 
Euhedral with some jagged edges (minor), often seen with 
inclusions of aegirine-augite and/or opaque minerals. Has 









Subhedral - anhedral. 70-80 % have a core and rim with the 
core being a higher birefringence order than the rim. In ppl 
these are a pleochroic olive green – apple green, ~5 % of the 
microphenocrystic crystals exhibit weak blueish pleochroism. 
In xpl ~60-70 % of crystals exhibit 1st order orange colours, 
the rest exhibit 2nd order blues. The euhedral crystals are 
hexagonal, the subhedral vary between a more rounded 
structure to an elongated tabular crystal. Few crystals (~5 % of 
those observed) exhibit simple twining, this is seen only in the 
cores and never the rims. In ~20 % of the larger crystals (and 
~10 % of the smaller) it can be observed that the crystals have 
intense sieve textures with the core of the crystal being almost 
none existent and the rim being subhedral and exhibiting CPX 





 80 % of opaques observed are subhedral - anhedral, however 
some (rare <5 %) retained a hexagonal or cubic structure of the 
original crystal. Observed are also loosely rectangular opaques 
that look as though they have been stretched out, these are seen 
throughout the samples and vary in size (0.3-<0.8 mm). The 
larger opaques have rims of aegirine-augite and groundmass 
opaques (Figures 4.2.38 and 4.2.39). 
Sodalite <5 0.05-0.25 
Euhedral–subhedral (more commonly euhedral). Colourless in 
ppl and opaque in xpl. The most common crystallographic 
shape observed is of an uneven hexagon due to it being a void 
filler between crystals of feldspar within Domain C. inclusions 
of aegirine-augite can be commonly observed in these crystals 




These can be seen in some of the samples to have patch work 
textures. All observed are anhedral, 1st order greys in xpl and 
dusty/clear in ppl (Figure 4.2.41). 
Amphibole <5 0.04-0.06 
Light reddish brown in ppl and slightly pleochroic. Euhedral-
subhedral. These are less common than the groundmass 
variety. The euhedral crystals (<30 % of crystals observed) 
have a hexagonal structure with the cleavages clear to identify. 
The subhedral crystals are more prevalent, these have rounded 
edges, and most are rounded and becoming anhedral. Within 
domain C there are two textural varieties of amphiboles, with 
the euhedral crystals seen as “overprinting” other crystals and 
anhedral crystals growing in the interstitial gaps. The euhedral 






Table 4.4. Continued. 
Groundmass 
Feldspar ~40-60 <0.05-<0.1 
Euhedral to partial subhedral. In domain A they form laths, 
bladed-columnar, some jagged edges, both intergranular and 
spherulitic textures can be observed. No preferred orientation. 
Larger groundmass crystals have some zonation and fracturing. 
Domain B crystals are ~0.2-0.5 mm in size, there is a higher 
abundance of crystals that are subhedral and a lower modal 
amount (~40 %), no preferred orientation, some interlocking 
crystals, all exhibit fracturing and jagged edges. Domain C has 
coarse euhedral crystals, bladed, interlocked with large interstitial 
gaps between crystals and spherulitic textures can be observed. 
~40 % of crystals in this domain exhibit undulosing extinction, the 
rest have simple twining. Inclusions of sodalite, amphibole, 
CPX/aegirine-augite and other feldspars are common in this 





 The opaque minerals observed that occur as groundmass are 
found in high concentrations as alteration rims around minerals. 
The crystals observed range from euhedral to anhedral, the 
euhedral crystals are either hexagonal or cubic. Triangular 
varieties are also common, though this is due to the orientation of 
the mineral with the position of its C axis. These are either a Ti-
magnetite or ilmenite. The opaques are found throughout the 
samples within the groundmass as interstitial crystals and 




These are small euhedral tabular to anhedral crystals throughout 
the groundmass of the samples. Two main textural varieties can be 
observed, (1) smaller interstitial euhedral crystals (and those 
included in other minerals) and (2) larger anhedral (or subhedral) 
crystals that fill gaps between crystals. They are highly 
concentrated around the altering rims of larger crystals, but are 
prevalent throughout the samples. They are pleochroic apple green 
in ppl and up to 2nd order blue (highest seen) in xpl, but more 





Subhedral-anhedral. ~40 % of those observed have exsolution 
lamellae. They are pleochroic very weak green to a dusty grey in 
ppl, in xpl they have a low birefringence colour (greys). All of 
these have alteration rims of opaque minerals and groundmass 
aegirine-augites. The lone crystals have a much thicker alteration 
rims than the xenolithic crystals. Where Exsolution lamellae can 
be observed, the CPX that forms the lamellae can be seen within 
the alteration rim that is directly in contact with the crystal 





Xenolithic fragments bearing qtz and accessory minerals of 
aegirine-augite, opaques and some clay. Observed only in samples 








                      Table 4.4. Continued.
Alteration/other observation 
Clay - - 
There is alteration of feldspars into clays. 
(Figures 4.2.48, 4.2.49 and 4.2.50). 
Fe-staining - - 
Fe-staining can be observed throughout all samples as small 
reddish/orange spots or larger patches that can be viewed in 
ppl as being a discoloured red/orange colour (Figure 4.2.48). 
Calcite >1 ~0.25 
Calcite is observed within a xenolith as inclusions/ alteration 
(seen as a sort of exsolution lamellae and as filler where the 
mineral has decayed). Subhedral–anhedral, very high 
birefringence in xpl and a dusty cream colour in ppl.                
(Figure 4.2.46) 
Vug - - 
Vugs are present in all the samples, these have different 
minerals infilling them and with varying textures. Some vugs 
have feldspars that exhibit a square crystal shape (seen in 
PR09 and PR21), others have lamellar feldspars. Also 
observed within the vugs are: aegirine - augite, sodalite (rare), 
nepheline, opaques, and clays. The vugs between samples are 
heterogeneous in terms of the mineral textures observed 
(Figures 4.2.49 and 4.2.50). 
Nepheline <1 0.02-0.05 
Anhedral, interstitial and fills gaps between crystals. They are 
very prevalent in areas of alteration of feldspar into clay. Low 
birefringence colours (mottled greys), in ppl looks like a dusty 
feldspar with no pleochroism. Highest modal count was in 
domain C, then domain A. Due to the fine crystalline nature 
of domain B it is unclear if there is or isn’t any nepheline in 
this domain. (Figures 4.2.40, 4.2.42 and 4.2.43) 
Amphibole <1 0.01-0.04 
These are more common than the microphenocrystic 
amphiboles. These are all anhedral, forming alongside opaque 
minerals and as interstitial crystals filling the gaps between 
crystals. Mod-high relief, pleochroic reddish brown in ppl and 
a dark red-black in xpl. The highest modal count was in 






Table 4.4. Continued. 
Xenocryst/xenolith 
Olivine 5-10 0.5-1 
Anhedral to subhedral, all olivine crystals have reaction rims 
of opaques (varying thickness) then aegirine-augite (varying 
in thickness, but more constant than the opaques). All olivine 
crystals have fracturing across the crystal. Some are skeletal 
and have very strong alteration. Fragments of olivine can be 
seen throughout the samples, these can be mistaken for 
phenocrystic crystals due to the low level of alteration that is 
present on some of the fragments. All fragments are anhedral  
(Figures 4.2.45 and 4.2.46). 
Clinopyroxene 2-3 0.2-0.5 
Subhedral - anhedral. All of these have an alteration rim, 
though the thickness varies between crystals. The alteration 
rims are mainly formed of opaques and groundmass aegirine - 
augites. In ppl the crystals exhibit pleochroism of a light green 
or very weak pleochroism that is hard to distinguish. In xpl the 
birefringence colours observed are up to 2nd order blue. The 
crystals have jagged edges and uneven rims where the crystal 
is in contact with the melt. The rims observed are similar to 
those seen on the phenocrystic CPX. The majority of 
xenocrystic CPX are observed within clusters alongside other 
crystals (Olivine or OPX). Some crystals have a core and rim 
with the core varying between a dark blue/green or 
yellow/orange in xpl and the rim having lighter birefringence 
colours. Few of these exhibit two pleochroism colours, with 
the cores being clear/weakly pleochroic and the rims being an 
apple green with distinct pleochroism                                             




Figure 4.2.34. Photomicrograph in PPL showing the three domains present in these samples. Highlighted by red dashed 









Figure 4.2.35. Photomicrograph in PPL and XPL highlighting a zoned Clinopyroxene (CPX) phenocryst that also exhibits 
simply twinning, and a smaller more euhedral CPX that has no zonation. Note that CPX have lower than normal 
birefringence colours. 
 
Figure 4.2.36. Photomicrograph in PPL and XPL highlighting a Clinopyroxene (CPX) that has distinct core and rim. This 
is the only crystal of this kind that is observed to have Exsolution lamellae (ex.la). 
 
Figure 4.2.37. Photomicrograph in PPL and XPL highlighting phenocrystic (euhedral, seen in ppl) and groundmass 
(anhedral, seen in xpl) amphiboles within domain C. Also highlighted are aegirine-augite  (aeg-aug), Sodalite (soda) and 






Figure 4.2.38. Photomicrograph in PPL highlighting the phenocryst sized opaque crystals.  
 
Figure 4.2.39. Photomicrograph in PPL highlighting euhedral opaque crystals.  
 
Figure 4.2.40. Photomicrograph in PPL and XPL highlighting both groundmass (GM) and phenocrystic (pheno) feldspars 






Figure 4.2.41. Photomicrograph in PPL and XPL showing a nepheline mass. The mottled texture is the same seen in 
individual phenocrysts of the nepheline across the samples.  
Groundmass: 
 
Figure 4.2.42. Photomicrograph in PPL and XPL highlighting the boundary between domains A and C. Minerals 
highlighted in both domains are the groundmass feldspars (feld), aegirine-augite (aeg-aug) and nepheline (neph).  
 
 
Figure 4.2.43. Photomicrograph in PPL and XPL highlighting the boundary between domains A and B. Minerals 
highlighted in both domains are: Clinopyroxene phenocryst (CPX), nepheline (neph), groundmass feldspar (feld), 








Figure 4.2.43. Photomicrograph in PPL and XPL highlighting an orthopyroxene (OPX) xenocryst with visible Exsolution 
lamellae of CPX. In direct contact with the crystal is a reaction rim in which CPX can be observed (see xpl side of image).  
 
Figure 4.2.44. Photomicrograph in PPL and XPL showing both Clinopyroxene (CPX) and orthopyroxene (OPX) 




Figure 4.2.45. Photomicrograph in PPL and XPL showing a xenolith made of Clinopyroxene (CPX), Olivine (OLI) and 







Figure 4.2.46. Photomicrograph in PPL and XPL showing a quartz (QTZ) bearing xenolithic fragment from PR06.  
Alterations: 
 
Figure 4.2.47. Photomicrograph in PPL and XPL showing clay alteration and Fe-staining. Also highlighted is a CPX 
xenocryst. This is within domain A. 
Vugs 
 







Figure 4.2.49. Photomicrograph in PPL and XPL showing a vug infilled with aegirine - augite (aeg-aug), lamellar 
feldspars (feld) and clays. 
Petrographic observations of sample: PR07B  
Chemical composition (on a TAS diagram, Figure 4.3.1): phonotephrite  
 
Table 4.5. Petrographic observations, mineral modal % and crystal sizes in sample PR07B 
Minerology 





Feldspar <4 ~0.15-0.25 
Rare, euhedral with some jagged edges (minor), commonly 
observed to have sieve textures and inclusions of opaques and 
(minor, ~20 %) inclusions of aegirine-augite. Has simple 








80-90 % are subhedral – anhedral, with 10 % being euhedral. 
In xpl ~70 % of crystals exhibit 1st order orange colours, the 
rest exhibit 2nd order blues. In all phenocrystic CPX observed 
there was varying degrees of oxidation in the form of opaque 
minerals crystallizing across and within the CPX crystal. ~5 % 
of the CPX crystals are euhedral tabular with simple twining, 
these are augites. These have inclusions of aegirine-augite and 
minor amounts of opaques. A further 5 % of euhedral crystals 
have a hexagonal core and anhedral rim, that have different 
pleochroism and birefringence, with the core being darker in 





 70-80 % of opaques observed are subhedral-anhedral,  
10-20 % retained a hexagonal or cubic structure of the original 
crystal, with the hexagonal variety more common. The larger 







Table 4.5. Continued. 
Nepheline <10 >0.2-<3 
These have a patch work textures. All observed are anhedral, 
1st order greys in xpl and dusty/clear in ppl. Observed in two 
varieties 1) as “free” crystals within the groundmass and 2) 
as confined crystals within vesicles. Commonly have 
inclusions of groundmass sized aegirine-augite 
(Figure 4.2.54). 
Leucite <5 ~0.5-0.15 
Euhedral cubic, dusty clear in ppl and 1st order grey in xpl. 
Often seen with inclusions of aegirine-augite. ~10 % have 
cores with sieve textures (Figures 4.2.52 and 4.2.53). 
Orthoclase 5-10 ~2 
One prominent anhedral crystal of orthoclase is present in the 
sample. Dusty clear in ppl and 1st order greys in xpl. The 
crystal has deformation features and faint twining. There are 
inclusions of CPX and opaque minerals. The crystal has a 
reaction rim made of opaque minerals. Some clay alteration 




These are subhedral-anhedral. All have reaction rims of 
opaque minerals. Observable as single “free” crystals and as 
xenoliths. In ppl the crystals are pleochroic from a light tan 
to reddish brown, in xpl they vary from a reddish brown to 
blues, purples and pinks. The crystals all have fractures that 
follow their cleavage, which forms “tiger strips” like texture 
(Figure 4.2.57).  
Amphibole 5-10 ~0.3-0.7 
These are found as semi-euhedral to anhedral crystals. Those 
that are semi-euhedral have retained a hexagonal crystal 
structure. Simple twining can be observed in most of the 
semi-euhedral crystals. In ppl these are a light tan, in xpl they 
are most commonly orangey reds with ~10 % of crystals 
being more blueish (Figure 4.2.56).  
Groundmass 
Feldspar ~40-60 <0.05-<0.08 
These are observed to be euhedral to partial subhedral, forms 
laths, bladed-columnar, jagged edges and some preferred 
orientation. Larger groundmass crystals have some zonation, 





 The opaque minerals observed that occur as groundmass are 
found in high concentrations as alteration rims around 
minerals, highest concentrations are around OPX and 
olivine. The crystals observed range from euhedral to 
anhedral, the euhedral crystals are either hexagonal or cubic. 
These are either a Ti-magnetite or ilmenite. The opaques are 
found throughout the samples within the groundmass as 







Table 4.5. Continued. 
Aegirine-augite <5 0.01-0.05 
These are small euhedral tabular crystals observed in low 
number within the groundmass. These are primarily seen as 
inclusions within larger minerals. In ppl they are pleochroic 
green and in xpl are 1st order orange/yellow (Figure 4.2.51)  
Xenocryst/xenolith 
Olivine 5-15 0.1-0.7 
These are seen throughout the sample with varying degrees 
of alteration. Observable in this sample is that there is a 
higher proportion of olivine that have completely altered to 
olivine that have minor/moderate alteration. Olivine that 
have minor to moderate alteration are observable to have 
birefringence colours of up to 2nd order greens, blues and 
purples, in ppl they are very weakly pleochroic. Some of the 
olivine crystals with minor alteration have kink banding, and 
those that have more moderate alteration have calcite within 
the olivine fractures. 80-90 % of crystals observed are 
anhedral, with 10-20 % retaining some of the original 
structure, 15 % are subhedral and the remaining 5 % are 
loosely euhedral. All have alteration of some form, with the 
most common being clay alteration in the crystals fractures 
and oxidation. Inclusions of aegirine-augite and opaque 
minerals are common in all crystals observed. Calcite was 






All crystals seen were anhedral and undergoing alteration. 
The largest mineral crystal in this sample is an OPX. ~20-30 
% of the OPX within this sample have Exsolution lamellae 
containing CPX. Alteration rims of varying kinds are 
observed with all OPX crystals, these are normally a clay like 
alteration followed by either a rim of aegirine-augite then a 
rim of opaques, or only opaques. It is common to see OPX 
crystals alongside heavily altered olivine. In ppl the crystals 
are a dusty white colour, in xpl they are all 1st order greys. 
Clay alteration is present in all OPX crystals observed  
(Figure 4.2.61). 
Alteration/other observation 
Zeolite ~ ~ 
Zeolites are present lining all vesicles. It is yellow - orange 
in ppl and xpl with undulous and radiating extinction  
(Figure 4.2.53). 
Vesicles 20-30 0.4->3 
These are scattered throughout the sample. All are elongated 
and anhedral, and generally randomly orientated except for 
one corner of the slide where there is preferred orientation. 
The vesicles are either empty of infilled with nepheline, clay 
or glass. Fe-staining, and calcite were also observed within 
the vesicles, but this is not as common (Figure 4.2.54). 
Calcite ~3 ~ 
Most commonly observed in the fractures of olivine and 
sporadically in very minor amount within vesicles. It is 
always anhedral with stereotypical birefringence colours 















Figure 4.2.50. Photomicrograph in PPL and XPL highlighting a euhedral tabular Clinopyroxene (CPX) phenocryst that 
displays simple twining.  
 
Figure 4.2.51. Photomicrograph in PPL and XPL highlighting a phenocrystic Clinopyroxene (CPX) with inclusions of 
euhedral cubic opaque crystals. Also highlighted is a euhedral cubic leucite crystal and a subhedral groundmass (gm) 
opaque crystal.  
Fe-staining <2 ~ 
Fe-staining is rarely observed in this sample, it is commonly 
associated with opaque minerals and vesicles where 
observed (Figure 4.2.58). 
Clay ~ ~ 
Clay is observed in some of the vesicles and as alteration of 
minerals. Commonly seen as alteration in cracks of olivine 
crystals an in patches where there is a higher density of 






Figure 4.2.52. Photomicrograph in PPL highlighting a phenocrystic (pheno) feldspar (feld) with sieve textures. Also 
highlighted are groundmass (GM) feldspars, leucite and a vug infilled with zeolite.  
 
Figure 4.2.53. Photomicrograph in PPL and XPL highlighting a vesicle infilled with nepheline.  
 
Figure 4.2.54. Photomicrograph in PPL and XPL showing a phenocrystic orthoclase crystal that has some deformation 






Figure 4.2.55. Photomicrograph in PPL and XPL highlighting a phenocrystic amphibole that displays simple twining. 
Also highlighted is the alteration rim made of opaque minerals. The original crystal shape can be observed (hexagonal). 
 
 
Figure 4.2.56. Photomicrograph in PPL and XPL highlighting a xenolith made up of Kaersutite (kaer) crystals. Also 
highlighted is a vesicle bordering the xenolith, the opaque rim the surrounds the xenolith and a hole within the xenolith. 
 
Figure 4.2.57. Photomicrograph in PPL showing a phenocryst sized euhedral opaque and Fe-staining associated with 








Figure 4.2.58. Photomicrograph in XPL highlighting a xenocrystic olivine (OLI) that displays kink banding. Also 
highlighted is the clay alteration that is visible within the fractures and cracks of the crystal and surrounding it as an 
alteration rim.  
 
Figure 4.2.59. Photomicrograph in PPL and XPL showing a xenocrystic olivine (OLI) that has calcite (Cal) crystallized 
within the olivine’s fractures.  
 
 
Figure 4.2.60. Photomicrograph in PPL and XPL showing the largest xenocrystic crystal in the sample, an 
orthopyroxene (OPX) with Exsolution lamellae. Also highlighted are the two alteration rims, with the one in contact 
with the OPX crystal labelled as “alt” rim and the further rim labelled as “opq” rim which is made up of opaque 






Petrographic observations of sample: PR-Mix 
Chemical composition (on a TAS diagram, Figure 4.3.1): Mix (came from sample PR14) 
Table 4.6. Petrographic observations, mineral modal % and crystal sizes in sample PR-Mix 
Minerology 





Domains   
2 domains are present in this sample, these are a coarse domain 
(Domain C) and a fine domain (Domain F). They are different 
in terms of modal count of groundmass feldspars with the 
coarse domain being more abundant and much larger than 
those that are observed within the fine domain. Within the fine 
domain the feldspars border being aphanitic. The groundmass 
opaques are in much higher abundance within the fine domain 
than the coarse, as is seen by the fine domain’s colour in ppl 
which is a dark grey due to the high amount of groundmass 
opaques present. It was also observed that all of the large 
phenocrysts and xenocrysts are present primarily within the 
coarse domain (Figure 4.2.62). 
Phenocrysts 
Feldspar <5 0.3-~0.6 
Euhedral with jagged sides, rounded edges and fractures. They 
display simple twining and are bladed. They commonly have 
inclusions of aegirine-augite and minor amounts of amphibole 





Two textural varieties are present, 1) large (~0.4-0.8 mm) 
anhedral-subhedral crystals that have cores and rims and 2) 
smaller (0.1-0.3 mm) euhedral-subhedral tabular crystals 
which also have cores and rims. The smaller crystals display 
stronger pleochroism than the larger crystals, but lower 
birefringence. The larger crystals have inclusions of aegirine-
augite, opaques and amphibole. One crystal of CPX is found 
as a dissolution/reaction by-product of the olivine xenocryst 
as it is observed to have been crystallizing on the xenocryst 




All phenocryst sized opaque crystals are anhedral and occur 
primarily within Domain C. All have high abundance of 
aegirine-augite surrounding the opaque crystal. Minor  
Fe-staining is also present with some of the opaques and 
higher numbers of amphiboles are observed associated with 
these opaques (Figure 4.2.66). 
amphibole <4 0.06-0.08 
These are euhedral-subhedral with a hexagonal shape. Mod-
high relief, pleochroic reddish brown in ppl and a dark red-
black in xpl. Common within the coarse domain and less so in 














Subhedral, bladed, jagged edges, simple twining, larger 
crystals have fractures and inclusions of aegirine-augite. 
Within the coarse domain the feldspars are recognisable, 
whereas in the fine domain they boarder being aphanitic 




These are anhedral-euhedral. Those that are euhedral are 
either cubic or hexagonal in shape. Fe-staining can be 
observed with many of these within the coarse domain, but it 
is harder to tell within the fine domain. The opaque minerals 
are in a much higher modal count within the fine domain than 
in the coarse domain (60:40; Figure 4.2.66 and 4.2.67). 
Aegirine-augite 20-30 0.05-0.08 
These are small euhedral tabular to anhedral crystals 
throughout the groundmass of the samples. Two main textural 
varieties can be observed; 1) smaller interstitial euhedral 
crystals (and those included in other minerals) and 2) larger 
anhedral (or subhedral) crystals that are observed to infill 
vugs. They are highly concentrated around the altering rims of 
larger crystals, but are prevalent throughout the sample. They 
are pleochroic apple green in ppl and up to 2nd order blue 
(highest seen) in xpl, but more commonly a dark orange 
(Figures 4.2.64, 4.2.67 and 4.2.71). 
Nepheline <1 0.05-0.3 
These are anhedral, interstitial and fill gaps between crystals, 
very prevalent in areas of alteration of feldspar into clay. Low 
birefringence colours (mottled greys). In ppl it looks like a 
dusty feldspar with no pleochroism (Figure 4.2.64). 
Amphibole <5 0.05-0.1 
These are more common than the microphenocrystic 
amphiboles. They are all anhedral, forming alongside opaque 
minerals and as interstitial crystals filling the gaps between 
crystals. Mod-high relief, pleochroic reddish brown in ppl and 
a dark red-black in xpl. More common in the fine domain than 
the coarse (Figure 4.2.67). 
Xenocryst/xenolith 
Olivine <2 ~0.8-1 
Only one identifiable xenocryst of olivine is present in this 
sample. It is highly altered, however two pieces of the original 
crystal remain. These fragments have no pleochroism and are 
1st order greys. The rest of the crystal has altered into clays 
with Fe-staining abundant within the fractures of the original 
crystal as well as on the external rim. The shape of the remnant 
crystal is subhedral-euhedral as the original crystal shape is 
almost intact (Figure 4.2.69). 
Alkali-feldspar <2 ~0.5 
This is the only one observed within this slide. It is anhedral 
with dissolution and reaction rims. This feldspar exhibits 
penetration twining. The crystal is fractured and has inclusions 










There is only one observed within this slide. Subhedral 
tabular, in ppl is dusty clear and in xpl 1st order grey with weak 
exsolution lamellae. The crystal has fractures that are parallel 
to each other and are run at 45ᵒ to the exsolution lamellae. The 
crystal has a thick (~0.05 mm) reaction rim that is reddish 
brown in xpl and a darker colour in ppl. Between the crystal 
and the reaction rim is a yellow-light red contact which may 
be another type of reaction/dissolution rim (Figure 4.2.68). 
Alteration/other observation 
Vug <1 ~0.5 
This vug is infilled with aegirine-augite that are 3-4 times as 
large as those found everywhere else in the sample. The 
aegirine-augite hug the inner wall of the vug and are not 
present in the core area. Within the core is an isotropic cavity 
(may have been infilled with glue during the polishing 
process; Figure 4.2.71). 
Fe-staining  ~ 
Fe-staining is observed in this sample, it is commonly 
associated with opaque minerals and heavy alteration of the 





Figure 4.2.61. Photomicrograph in PPL highlighting the two domains present in this sample. The coarse (C) and fine (F) 













Figure 4.2.62. Photomicrograph in PPL and XPL highlighting bother phenocrystic (pheno) and groundmass (gm) 
feldspars (feld). 
 
Figure 4.2.63. Photomicrograph in PPL and XPL highlighting a zoned clinopyroxene (CPX) that has an inclusion of 
amphibole within the rim. Also highlighted are groundmass (gm) feldspar (feld), nepheline (neph) and aegirine-augite 
(aeg-aug). 
 






Figure 4.2.65. Photomicrograph in PPL showing the two textural varieties of opaque (opq) minerals within this sample. 
Shown are the phenocrystic sized (pheno) and groundmass (gm) varieties.  
Groundmass: 
 
Figure 4.2.66. Photomicrograph in PPL highlighting groundmass amphibole (amphi), opaques (opq) and aegirine-augite 
(aeg-aug) mineral varieties. 
Xenocrysts: 
 
Figure 4.2.67. Photomicrograph in PPL and XPL showing a xenocrystic orthopyroxene (OPX) that is exhibiting weak 







Figure 4.2.68. Photomicrograph in PPL and XPL of a deceased olivine xenocryst. Fragments of the original crystal are 
highlighted. Also highlighted is Clinopyroxene (CPX) phenocryst, alteration (alt) of the olivine xenocryst and Fe-staining 
on the outside/rim of the deceased olivine. 
 
Figure 4.2.69. Photomicrograph in PPL and XPL showing a anhedral alkali-feldspar feld) exhibiting penetrating twining, 




Figure 4.2.70. Photomicrograph in PPL and XPL showing a vug infilled with aegirine-augite (aeg-aug). Also highlighted 






1.10.2 Characterization of experimental results 
Of the two pressure and two temperature variables selected for the experiments of this study              
(see Table 3.5 in the methods section), it was observed that crystallisation occurred in all experimental 
runs that had pressure variable set at 1200 MPa (Figures 4.2.72 and 4.2.73), and no crystallisation or 
only the crystallisation of oxides in experiments with the pressure variable set at 800 MPa              
(Figure 4.2.74). From the 8 experiments run, only one experiment had large enough crystals that 
could be analysed, this was experimental run PR3H (Figure 4.2.72, Table 3.5 in the methods section). 
All other runs crystallised tightly packed crystals that were too small to be analysed without 
contamination (Figures 4.2.73), or only oxides (Figure 4.2.74), or no crystallisation occurred. 
Minerals observed to have crystallised within PR3H are: kaersutite, clinopyroxene, minor amounts 
of apatite and oxides (Figure 4.2.72). The crystals within experiment PR3H have a modal count of 
kaersutite (50%): clinopyroxene (30%): The majority of minerals to have crystallised are subhedral 
– euhedral, with minor amounts of them being anhedral (Figure 4.2.72). The clinopyroxene observed 
in experiment PR3H are mainly small crystals that form clusters or lone crystals, these are subhedral–
euhedral and can be observed to have some level of zonation (Figure 4.2.72). The kaersutite crystals 
observed are subhedral-euhedral and are much larger than the clinopyroxene (Figure 4.2.72). Apatite 
was observed as small hexagons or elongated needles, oxides were also observed, and these are 
anhedral specs, with some observed to be inclusions in larger crystals (Figure 4.2.72). 
 
 
Figure 4.2.72. Microprobe image of experiment PR3H, highlighted are clinopyroxene (CPX), kaersutite amphibole (Kaer) 


















1.11  Whole-rock Geochemistry 
XRF spectrometry for major and trace element analysis has shown the variability of the rock suite of 
the site (Figure 4.3.1). The data of this study has been compared with the data of Coombs et al (2008), 
which includes data from volcanoes across the Otago region (Waipiata Volcanics and Dunedin 
Volcano). This provides a base line of values to which this study can be compared. 
 
1.11.1 Major element data 
The TAS diagram of the 15 samples analysed for whole rock compositions, shows that there are four 
compositions present, these are: (i) phonotephrite, (ii) tephriphonolite, (iii) trachyandesite and (iv) 
thonolite (Figure 4.3.1). The largest sample cluster is within the mid-lower phonotephrite field with 
one of the samples bordering the tephrite-basanite field, indicating that this is the most primitive 
composition of the samples (Figure 4.3.1). The most evolved sample plots within the lower phonolite 
field (Figure 4.3.1). The phonolite sample of this study (Figure 4.3.1) has lower total alkalis and SiO2 
than the phonolites analysed in the study of Coombs et al (2008). The points that plot within the 
tephriphonolite field come from the top and bottom of a basaltic column (Figure 4.1.4), indicating 
that there is chemical variation between the top and the base of the basaltic columns. Three samples 
plot within the trachyandesite field, with one of the samples bordering the junction with the phonolite 
field, and the other two bordering the tephriphonolite field (Figure 4.1.4). Experimental data of this 
study shown as grey circles are of the glass composition of experimental run PR3H                           
(Figures 4.3.1 and 4.2.72) which exhibits an upward trend from the tephriphonolite field to phonolite 






Figure 4.3.1. Total Alkali Silica diagram (TAS) with data from 15 outcrops (coloured circles) from Pigroot hill                     
(Figure 4.1.1) and the experimental glass of PR3H (grey circle) of this study, showing the varied chemical compositions 
found at the field area. The variation of colours of the samples from this study is a visual indication of the samples TAS 
classification. Other data plotted is from two previous studies of the Otago region (Waipiata Volcanics and Dunedin 
Volcano), Coombs et al., 2008 (hollow and solid diamonds) and Irving and Price, 1981 (star). 
 
A strong positive trend can be observed for Na2O, K2O and Al2O3 in relation to SiO2, and a strong 
negative trend for total FeO, MgO, P2O5, TiO2 and CaO in relation to SiO2 (Figure 4.3.3). The Pigroot 
data of Coombs et al (2008) and the data of this study have similar trends for all major oxides, with 
the Pigroot data of Coombs et al (2008) having a higher SiO2 content, and being either more enriched 
or more depleted in the major oxide than the data of this study (Figure 4.3.2). All plots follow either 
a strong positive or negative linear trend, except for Na2O which has a more scattered trend (Figure 
4.3.3). In all plots there are three loose cluster; these are the (1) Phonotephrite, (2) Tephriphonolite 
and (3) the Phonolite and Trachyandesite (Figure 4.3.3). The Phonolite and Trachyandesite will either 
be more depleted or more enriched in a major oxide compared to the Phonotephrite and 
Tephriphonolite, this trend is observable in all plots except for the Na2O plot in which the 
Trachyandesite has the same or lower wt% as some of the Phonotephrite and Tephriphonolite data 
(Figure 4.3.3). Comparing the data of the experimental run to whole rock data shows overlapping 
trends for K2O, MgO, Al2O3 and CaO (Figure 4.3.2). The experimental sample is more depleted in 











Figure 4.3.3. Oxides (wt%) for the Pigroot phonolite of this study (Table 1), including data obtained from                                  











Table 4.7. Major element whole rock compositions of sampled of this study as determined by XRF analysis with 
compositions of samples analysed by Irving (1981), Price (1975) and Coombs (2008) shown for comparison. PR3H is the 
homogenized material used for all experiments which was analysed by use of Microprobe (see appendix 3). Note: FeO 
total was recalculated from Fe2O3 and experimental analyses does not equal 100 % due to SrO not being shown, as well 




1.11.2 Trace elements 
All trace element plots show a positive correlation with SiO2, except for Ba, Cr, Sc and Ni which 
have a negative trend in relation to SiO2 and shows that they were more compatible within the melt 
(Figure 4.3.4). Ba and Y have a very week positive trend, with minimal scatter of points (Figure 
4.3.4). Sr has a clustered and fanned trend that is weakly positive (Figure 4.3.4). The Pigroot data of 
Coombs et al (2008) follows the same trend as the data of this study, with a higher SiO2 content with 
similar values to the Phonolite and Trachyandesite samples of this study (Figure 4.3.4). The Ni data 
points of this study are predominantly above 50 ppm and follow a negative trend, with the data points 
of the Phonotephrite clustered together (Figure 4.3.4). Sc has a dispersed distribution for the 
Phonotephrite data, which superficially forms two parallel lines, both of which have a negative trend, 
the distribution for the Phonolite, Tephriphonolite and Trachyandesite are weakly positive linear 
paths with the Phonolite grouped with the Trachyandesite and the Tephriphonolite on its own (Figure 
4.3.4). The K shows a positive trend for all samples with the Trachyandesite samples being the most 
enriched and Phonotephrite samples being the least (Figure 4.3.4), the samples of this study are far 
more K rich than those of Coombs et al (2008). The K/Th plot shows a negative trend that is fairly 
well defined and linear with the Phonotephrite samples being the most enriched and one of the 
Sample
SiO2 TiO2 Al2O3 Fe2O3 FeO total MnO MgO CaO Na2O K2O P2O5 LOI SUM
PR 01 54.49 0.58 17.04 8.08 7.27 0.16 2.92 2.87 5.57 4.71 0.18 3.16 100
PR 02 54.49 0.59 16.80 8.12 7.31 0.16 2.86 3.14 5.40 4.72 0.16 3.21 100
PR 03 47.55 2.17 14.66 12.80 11.52 0.16 5.28 5.89 5.87 3.16 1.03 0.81 99
PR 04 47.08 2.18 14.65 12.72 11.44 0.15 4.88 6.53 4.92 3.09 0.96 2.19 99
PR 05 47.03 2.21 14.53 13.00 11.70 0.16 5.25 6.71 4.79 2.79 1.00 2.14 100
PR 06 48.57 1.91 14.83 12.04 10.83 0.16 4.80 5.84 5.15 3.11 0.98 2.15 100
PR 07-B 49.56 1.80 15.27 11.87 10.68 0.23 3.77 5.26 5.96 2.99 0.90 1.86 99
PR 08 48.25 1.97 14.74 12.42 11.18 0.15 4.87 5.81 5.43 2.84 0.98 2.10 100
PR 09 49.44 1.77 15.23 11.63 10.47 0.16 4.43 5.16 6.01 3.06 0.82 1.85 100
PR 10 49.21 1.81 15.22 11.87 10.69 0.18 4.26 5.19 6.12 3.17 0.83 1.70 100
PR 11 47.69 2.17 14.97 12.67 11.41 0.16 4.82 5.88 5.40 2.99 1.02 1.68 99
PR 12 51.21 1.27 15.57 10.20 9.18 0.16 4.16 3.98 6.62 3.49 0.63 2.02 99
PR 13 52.67 0.89 16.41 8.93 8.04 0.15 2.96 3.81 6.39 3.96 0.45 2.62 99
PR 14 55.27 0.43 17.12 7.65 6.89 0.15 2.12 2.54 6.52 4.38 0.11 2.98 99
PR 15 55.08 0.50 17.22 7.98 7.18 0.16 1.66 2.41 7.79 4.01 0.18 2.03 99
PR3H_p1 55.73 1.00 18.67 1.81 1.63 0.09 1.26 1.97 7.72 4.11 0.42 93
PR3H_p2 53.27 1.24 17.67 3.61 3.25 0.16 2 2.8 7.83 3.75 0.76 93
PR3H_p3 51.41 1.85 16.8 4.71 4.24 0.09 2.76 3.8 7.67 3.46 1.03 94
PR3H_p4 49.71 2.26 15.69 5.02 4.52 0.21 3.62 4.4 7.26 3.2 1.28 93
PR3H_p5 49.06 2.22 15.95 4.89 4.4 0.23 3.56 4.31 7.38 3.12 1.14 92





Tephriphonolite being the least, followed by the phonolite and then Trachyandesite samples (Figure 
4.3.4). The K/La plot has a positive trend, but the data points are more clustered rather than forming 
a line, the Trachyandesite samples here have the most enrichment, and some of the Phonotephrite 
samples are more enriched than the Phonolite sample (Figure 4.3.4). The Nb/Th vs SiO2 plot shows 
that the data of this study has a weak negative correlation to SiO2, with the Coombs et al (2008) data 
following the same trend, but more dispersed. This trend is also seen in the Ba/Rb vs SiO2 plot (Figure 
4.3.4). The Ce/Pb vs Nb/U plot (Figure 4.3.4) shows a slightly dispersed positive trend for this study 
and no observable trend for the Coombs et al (2008) data of the region. The Phonotephrite and 
Trachyandesite samples show the most variation in distribution within each plot (Figure 4.3.4). The 
Th vs Pb plot exhibits a linear upward trend in for the Phonotephrite and the Tephriphonolite data, 
and a plateauing of the Phonolite and Trachyandesite data (Figure 4.3.4).  
   
   
   
Figure 4.3.4. Plots for trace elements (ppm) vs SiO2 (wt%) and trace element ratios vs SiO2 (wt%) or Trace element ratios 
for Pigroot phonolite data of this study (Table 2), also including data from Coombs et al (2008) for the WVF. Colours 
correspond to Figure 4.3.1, TAS diagram of Pigroot phonolite outcrop compositions. Note: Coombs et al (2008) element 






   
  
  
   














All samples show a prominent depletion of Ba, this is most dramatically seen in the Trachyandesite 
and Phonolite samples (Figure 4.3.5). The major peak is in the Zr, where all samples except for three 
of the Phonotephrite group, have a large spike of enrichment in Zr with the phonolite group being 
most enriched and the Phonotephrite group being least (Figure 4.3.5). Pb has the widest distribution 
of PM norm concentrations of all elements, with the Phonotephrite group being most depleted but 
with the most variation in PM norm concentration, whereas the Trachyandesite and Phonolite samples 
are the most enriched for Pb (Figure 4.3.5). All samples exhibit a steep depletion of elements between 
Zr to Y, and then a plateau between Y and Yb (Figure 4.3.5). The Phonolite and Trachyandesite 
samples are constantly the most enriched in all observed elements, whereas the Phonotephrite is 






Figure 4.3.5. Primitive mantle normalised (PM norm), multi-element patterns for the Pigroot rock suite. Figure modified 
from Sun & McDonough (1989) to include their OIB data and this study’s data. Colours indicate rock compositions from 





Table 4.8. Trace element whole rock compositions of sampled rocks of this study as determined by XRF analysis with 
compositions of samples analysed by Coombs (2008) also shown for comparison. Note: The Coombs et al (2008) element 





















































Sun & McDonough 
(1989)
10
Rb Sr Y Zr Pb Th Sc V Cr Ba La Ce Nd Ni Nb Hf Eu Yb K
PR 01 118 1987 30 1102 21 29 3 12 49 819 147 241 54 191 163
PR 02 113 1725 31 1097 15 28 2 13 70 814 160 267 78 55 191 23 4 1 163
PR 03 73 1543 27 621 9 15 2 66 133 827 116 197 82 103 123 14 5 1 109
PR 04 74 1529 27 645 11 14 6 73 93 839 113 194 92 124 107
PR 05 69 1646 27 592 10 12 9 69 113 789 120 201 97 113 96
PR 06 83 1943 28 669 13 17 8 69 123 796 127 216 112 127 108
PR 07-B 77 1611 27 732 13 17 8 66 105 796 127 220 103 142 104
PR 08 78 1822 26 665 10 13 9 62 101 791 115 195 109 126 98
PR 09 80 1641 27 744 13 18 8 65 93 821 134 221 91 141 106
PR 10 74 1950 27 722 14 18 6 63 91 794 132 206 98 138 109
PR 11 74 1785 28 660 12 16 4 68 79 818 124 207 89 125 103
PR 12 93 1515 30 892 15 21 2 35 128 791 134 219 109 165 137
PR 13 92 1588 31 1037 18 29 4 27 82 811 139 244 95 187 121
PR 14 108 1708 30 1115 19 28 5 10 31 835 157 262 39 190 151
PR 15 109 1759 30 1125 16 29 3 11 45 859 160 255 81 38 192 23 4 1 139







1.11.3 Mineral Chemistry 
Mineral composition data can be found in the supplementary excel document, “Electronic 
Supplementary Document for Mineral Chemistry”. Composition analysis of olivine is split into 
mantle xenocryst cores, phenocryst cores and rims. Figure 4.4.1 shows that the mantle xenocryst 
cores exhibit minimal chemical variation between samples, with all samples having an Fo# that is 
between 90 - 92. The compositional variation between the phenocrystic cores is much wider, with 
Fo# that ranges from 70 - >87 (Figure 4.4.1).The rims exhibit the widest range of Fo numbers and 
these range from >45 - <80, with mantle xenocryst and phenocryst rims having over-lapping 
compositions. This is evident in PR03 which hosts both mantle xenolith and phenocrystic olivine. 
There is a clear chemical distinction between the phenocrystic and xenocrystic cores, but not in the 
phenocrystic and xenocrystic rims which have overlapping compositions (Figure 4.4.1). PR15’s rim 
data has the widest chemical variation as it ranges from Fo# ~45 - >78 (Figure 4.4.1). PR03, PR05 
and PR17A have a narrower compositional range compared to PR15, and these samples also have 
similar rim compositions with their Fo# ranging >57 - < 73 (Figure 4.4.1). PR12 and PR16 have a 
slightly wider range of compositions to PR03, PR05 and PR17A, but not as wide as PR15 (Figure 
4.4.1). PR16 has the narrowest mantle xenocryst core data, with all data points having Fo # > 90 
(Figure 4.4.1). All other samples that have mantle xenocryst core data exhibit two clusters that are 
roughly 0.2–1 % Fo apart (Figure 4.4.1). Not all samples had phenocrystic olivine crystals, sample 
PR05 being an exception as it only had phenocrystic olivine. PR03 was the only sample to have both 









Figure 4.4.1 Comparison between all samples in which olivine were observed. Mantle Xenocryst and phenocryst cores 
are segregated with grey circles. Note: colours used refer to the TAS diagram (Figure 4.3.1) where purple = phonolite, 
red = phonotephrite and green = tephriphonolite. Vertical axis is only indicative of sample number, points were spread 
vertically to eliminate point overlap.  
 
Analysis of pyroxene compositions shows that all samples most heavily occur within the diopside 
field in two main clusters with composition Wo46-48En33-41Fs10-20 and Wo43-48 En40-50Fs3-14 (Figure 
4.4.2). The Trachyandesite is the only sample to have data points within the Hedenbergite field. 
Clinopyroxene compositions in Trachyandesite form a linear trend rather than a cluster and this can 
be observed to stretch roughly from the centre of the Diopside field and into the Hedenbergite field 
with a composition of Wo45-47En25-36Fs15-25 , this sample has the narrowest vertical and horizontal 
range of all of the samples in this study (Figure 4.4.2). Phonolite, Trachyandesite and PR-Mix samples 
do not plot below the 45 % Wo line within the Augite field, whereas the Phonotephrite, 
Tephriphonolite and experimental samples can be observed to have data points within the upper 
Augite field with a composition rang of Wo43-45 (Figure 4.4.2). The experimental sample has the most 
data points within the Augite field (Wo43-47En40-50Fs6-14), followed by Tephriphonolite (Wo44En47-
52Fs4-10) then Phonotephrite (Wo41-44En50Fs8; Figure 4.4.2). The Phonolite sample is found solely 
within the Diopside field and exhibits two clusters (Wo46En31-35Fs19-22) and Wo46-48En42-47Fs3-10), both 
of which have overlapping data points (Figure 4.4.2). The Phonotephrite has a main cluster within 
the Diopside field where there is heavy overlap of points (Wo47-50En35-41Fs10-15), the second lesser 





The Tephriphonolite has a similar CPX chemical distribution to the Phonotephrite, with a main and 
secondary clusters within the Diopside field (Wo47-50En33-41Fs10-20 and Wo46-47En44-50Fs4-7) and some 
sporadic points within the Augite field (Wo44En47-52Fs4-10) (Figure 4.4.2). PR-Mix sample has two 
clusters, a main loose cluster that borders the Hederbegite field (Wo47En22-35Fs15-19), a second tighter 
cluster in the centre of the Diopside field that moves towards the 50 % Wo line                                         
(Wo47-49En35-40Fs10-15 ;Figure 4.4.2). The Experimental sample has a single cluster that has an 
abundance of data overlap (Figure 4.4.2). The cluster has a main tight core that sits on top of the 45 
% Wo line, with data points both within the Diopside and augite fields, the majority of the data sits 
within the Diopside field (Wo43-47En40-50Fs6-14;Figure 4.4.2). All samples have an aegirine component 
and no crystallization pathway is evident. Figure 4.4.3 shows clinopyroxenes within a system of 
Wollastonite vs Aegirine + Jadeite (Ae+Jd) system, majority of samples exhibit a data point heavy 
cluster between 5-10 % Ae+Jd with a secondary, sparse cluster with much fewer data points between 
15-25 % Ae+Jd. Trachyandesite has no cluster, instead forms a loose line from 9-22 % Ae+Jd (Figure 
4.4.3). The Experimental sample plots only within 40-47 % Wo and 4 - 11 % Ae+Jd, but has an 
upward trend, which is not clearly observed, or at all present in the other samples (Figure 4.4.3). The 
Phonotephrite, unlike the other samples that have two defined clusters, has more of a gradation of a 
high abundance of tightly spaced data points at 3-8 % Ae+Jd to very loose and low abundance of data 







































Figure 4.4.2. Comparison of the chemical variation of clinopyroxene within natural and experimental samples within a 
Wo Ae Fs system. Samples have been separated in accordance to their position on the TAS diagram (Figure 4.3.2). 
Ternary triangle showing composition fields for pyroxene end members Wollastonite (Wo) Enstatite (En) and Ferrosilite 
(Fs), also showing the Diopside (Di), Hedenbegite (Hd), Augite (Ag) and Pigeonite (Pg) fields. The greyed section is the 




   
Figure 4.4.3 Comparison of the chemical variation of clinopyroxene within natural and experimental samples within a 
Wo (Wollastonite) vs Ae (Aegirine)+ Jd (Jadeite) system. Samples are separated in accordance to their position on a TAS 






















Figure 4.4.3 continued. 
 
The feldspar compositions observed within the natural samples show a fairly uniform trend, with a 
main cluster occurring predominantly within the sanidine field (An1-10Ab30-70Or25-65) with some 
points spilling into the anorthoclase field, and a second cluster that moves in an upward trend into 
and within the anorthoclase field (An10-14Ab55-80Or20-30; Figure 4.4.4). This trend is observed in all 
samples except for the Trachyandesite, where the K-feldspars solely occur within the sanidine field 
bordering the anorthoclase field (An1-3Ab55-63Or35-41; Figure 4.4.4). The Phonotephrite samples 
contains four clusters consisting of: a main cluster mostly in the sanidine field but extending into the 
anorthoclase field (An1-10Ab30-70Or25-65), a second tight cluster residing only within the albite field 
(An2-4 Ab90-92 Or4-5), a third more sporadic cluster that boarders the anorthoclase and oligoclase fields 
(An10-14Ab70-80Or10-18) and a final loose cluster that spreads from the centre of the oligoclase field into 
the andesine field (An19-31Ab60-75Or3-10; Figure 4.4.4). The main cluster within the Phonotephrite 
group includes samples PR03, PR05, PR08, PR17 and PR21, whereas the clusters within the albite 
field and oligoclase/andesine fields are both from PR07 (Figure 4.4.4, see also Section 4.2 
Minerology - Petrography). The cluster within the anorthoclase/oligoclase fields is from PR05 Figure 
4.4.4, see also Section 4.2 Minerology - Petrography). Tephriphonolite is made up of PR12, PR13 
and PR16 and these plot randomly within the two clusters they form (An1-6Ab39-62 Or35-60 and An3-
10Ab62-70Or20-32; Figure 4.4.4). Phonolite is made up of only PR15, showing a varied composition 
within one sample as it has two clusters that have varying compositions (An1-5Ab55-68Or30-40 and An7-
11Ab69-74Or17-23; Figure 4.15). Trachyandesite is made up of PR01 and exhibits minimal compositional 
variation within its K-feldspars (An1-3Ab55-63Or35-41; Figure 4.4.4). PR-Mix is a sample that contains 
two distinct domains, these are compositionally different as all of the K-feldspar from the fine domain 
(see Section 4.2 Minerology - Petrography and Figure 4.4.4 in this section) plotted within the 





4.2 Minerology - Petrography) plot mainly within the Sanidine field, but exhibit migration into the 
Anorthoclase field (An3-9Ab64-73Or20-30; Figure 4.4.4).  
 
 
Figure 4.4.4.  K-Feldspar compositions within the natural samples. Samples have been separated in regard to their position 
on the TAS diagram (Figure 4.3.1). Grey circles highlight clusters. Ternary triangle in the bottom left shows all fields of 
feldspar composition, the greyed section is the area into which all the data of this study plot.  
 
Analysis of the amphibole compositions observed from both the natural sample PR07 and the 
experimental sample PR3H, form a tight cluster within the kaersutite field, ranging between 
Mg/(Mg+Fe2+) 0.62 - 0.71, and Si  in atoms per formula unit(apfu) ranging between 5.9 - 6.3 
(Figure 4.4.5). There are four data points belonging to PR07 that have slightly higher 
Mg/(Mg+Fe2+) values than the main cluster, with a peak value of 0.73, as well as slightly lower Si 







































Figure 4.4.5. Amphibole classification diagram based on chemical composition of all amphiboles for analysed from the 
samples of this study. Grey circles = experimental sample PR3H and red circles = natural sample PR07. The natural 

















Chapter 5: Discussion 
I have two alternative hypotheses for the entrainment of the mantle xenoliths into the phonolitic 
magma at Pigroot: (A) deep crystallization formed a zoned mantle storage area (phonotephrite-
phonolite) and the xenoliths became entrained within the magma during its final ascent, or (B) a 
primitive xenolith-bearing magma was injected into a fractionated magma reservoir (phonolite) 
residing in a mantle or crustal storage area and these mixed and ascended together (Figure 5.1). The 
following section evaluates which of the two hypotheses is more likely based on the collected 




Figure 5.1. Two potential models for the inclusion of xenoliths into the evolved magma at the Pigroot Phonolite site. 





1.12 Fractional crystallization models 
To test the hypothesis that the magma fractionally crystallised at ~30km from a primitive 
(phonotephrite) to an evolved (phonolite) magma prior to entraining the mantle xenoliths, mass 
balance modelling was undertaken using calculations based on the least-square modelling equations 
of Stormer and Nicholls (1978) with the software Petrograph (Petrelli et al, 2005). The use of mass 
balance modelling allows for a semi-quantitative assessment of the likelihood that major element 
chemical variations are being controlled or influenced by the process of fractional crystallisation 
(Brenna et al, 2014). However, these models are based on the theoretical assumption that the input 
compositions of the fractionating phases do not change during the magma’s evolution, hence does 
not take into account solid solution variability. The mass balance models are simplified simulations 
of theoretical crystal fractionation, but the results can be compared with the major and trace elements 
of the natural and experimental samples to test their robustness. 
The input parameters used for the calculations were major oxide analyses of the natural samples of 
this study as well as mineral phases crystallized in the experiments and found in the natural rock. 
Sample PR03 was selected as the parent magma, as it is the most primitive and PR15 was selected as 
the derivative melt, as it is the most evolved sample of this study (Figure 4.3.1). Apatite, 
clinopyroxene (cpx; Supplementary Models 2, 4, 5 and 6 in Appendix 3) and kaersutite compositions 
are from the experimental run PR3H of this study, whereas the oxide and feldspar phases 
(Supplementary Models 3, 4 and 5 in Appendix 3) were chosen from the parent sample PR03 as it is 
the most primitive sample and no oxides or feldspars crystallised within the experimental runs. 
Mass balance model 1 shows that 40% of the parental melt fractionated to the derivative (Table 5.1). 
Within this 40%, the majority of fractionation was driven by crystallization of kaersutite (32%), then 
oxides (7%) and lastly by apatite (2%). When including feldspar and/or cpx into the models, both are 
represented as needing to be added rather than removed (Appendix 3 Models 2 3, 4, 5 and 6). In 
models 1,2,3,4 and 6, Kaersutite is shown as the dominant fractionating phase. Model 5 tests major 
element variation by excluding Kaersutite from the fractionation assemblage (Appendix 3). This 
model shows that feldspar needs to be added (Appendix 3) similar to the other models where this 
phase is considered. Model 5 presents cpx as the main fractionating phase, unlike in the models that 
include kaersutite, in which cpx is shown as needing to be added (Appendix 3). However, the Sum 
of Squares of Residuals (SSR) of this model is far too high, at 4.9, meaning that this model is a poor 
simulation of the fractionation from PR03 to PR15 (Appendix 3). Likewise, model 6 which used the 
phases that crystallised in experiment PR3H (cpx, kaersutite and apatite), showed a very high SSR of 





addition of cpx and feldspar in models 2,3,4,5 and 6 implies that these models are not reliable 
simulations of the natural variation. Model 1 is the most robust of all the models as the SSR is very 
low at 0.39 and all phases included are shown as being fractionated                                                                  
(Table 5.1; Stormer and Nicholls 1978).  
 
Table 5.1. Model 1: Mass balance showing the parental (INIT) and derived (final) magmas. Also shown are mineral 




OXIDE Parent (PR03) Derived (PR15) kears 159 apatite 205 PR03 oxide 112
SiO2 43.68 53.28 38.61 0.39 0.17
TiO2 2.00 0.48 3.90 0.02 10.38
Al2O3 13.47 16.66 9.99 0.04 0.20
FeOtot 21.21 13.92 22.52 1.44 87.17
MnO 0.15 0.15 0.22 0.06 0.56
MgO 4.85 1.60 11.63 0.66 1.27
CaO 5.41 2.33 9.14 53.89 0.10
Na2O 5.39 7.53 3.02 0.28 0.02
K2O 2.91 3.88 0.90 0.09 0.06
P2O5 0.95 0.17 0.06 43.14 0.08





Observed difference Calculated difference 
Observed calculated 
residuals
SiO2 30.2 9.6 9.3 0.3
TiO2 4.8 -1.5 -1.7 0.2
Al2O3 7.9 3.2 3.6 -0.4
FeOtot 32.0 -7.3 -7.4 0.1
MnO 0.3 0.0 0.0 0.1
MgO 9.3 -3.2 -3.1 -0.1
CaO 10.0 -3.1 -3.1 0.0
Na2O 2.4 2.1 2.1 0.0
K2O 0.7 1.0 1.3 -0.3




Amount as wt% of the 
parental magma
Amount as wt% of all 
phases
kears 159 -31.7 78.2
apatite205 -2.2 5.3
PR03 oxide 112 -6.7 16.5
Total: -40.6 100
Total relative to initial magma: 40.6
Model 1
Magmas Phases





Using the proportions of fractionating phases and the fraction of liquid remaining determined from 
the major element mass balance models 1,2,3,4,5 and 6 (Table 5.1 and Appendix 3), the simple 
Rayleigh fractionation equations were used to test the variation in trace element abundances                 
(Table 5.2 and Appendix 3). This enables testing of the fractionation assemblage determined from 
major elements for consistency with trace element in parent and derivative magmas. The distribution 
coefficients used for the different mineral phases were obtained from published data and methods 
(see Electronic Supplementary Document B for references and distribution coefficients). 
Table 5.2. Rayleigh’s fractionation equations comparing trace element calculations for model 1 and the analysed results 
of PR03 and PR15. See Electronic Supplementary Document (B) for references and values for the distribution coefficients 
used in the calculations.  
 
 
The trace elements of model 1 plot well and are for the most part consistent with the naturally analysed 
element suite, the elements that plot outside of the observed trends are Ba, K, Pb, Sr and Zr (Table 
5.1, Figure 5.2). Ba is potentially compatible into kaersutite (Villemant et al, 1981). Th, Hf and Zr 
appear to be over-enriched compared to other incompatible elements such as Rb and LREE. Th, Hf 
and Zr are all elements that are highly compatible in zircon (Belousova et al. 2002, Fujimaki 1986, 
Bea et al, 1994) therefore their overabundance may suggest addition of zircon to the melt. No zircons 
were observed in the rock, however, mantle-derived zircon megacrysts have been found in streams 
in the region (van der Meer et al, 2019). These zircon crystals could have become entrained together 
with the xenoliths, and later resorbed by the melt resulting in Zr, Hf and Th contamination (van der 
Meer et al, 2019, Gervasoni et al, 2016). Sr is compatible into plagioclase, with higher abundance of 
plagioclase fractionation resulting in depletion of Sr within a system (Blundy et al, 1990). However, 
Sr is shown as having a higher enrichment in the models than in PR15, which could be due to feldspar 
not being considered as a fractionating phase by the models, resulting in an over estimation of Sr.  
Rb Ba Th Nb Ta K La Ce
PR03 71.8 765 14.7 143 9.5 26263.7 105 198
Model 1 106.9 965.5 18.7 181.1 13.2 28279.4 149.2 277.3
PR15 110.5 818 27.7 218 12.3 33259.3 144.5 248
Pb Sr Nd Zr Hf Sm Eu Y Yb
PR03 9 1600 81.5 653 13.7 14.4 4.5 26.2 1.1
Model 1 2219.2 80.5 740.5 17.3 12.5 3.7 33.0 1.4






Figure 5.2. Primitive mantle normalised (PM norm), multi-element patterns for samples PR03, PR15 and the modelled 
derivative melt calculated using the Rayleigh equation and mass balance model results. Normalization values are from 
Sun & McDonough (1989). 
 
1.13 Depth of magma storage and evolution 
To determine a rough estimate of depth of the magmatic evolution, major oxides of this study were 
compared to the fractionation experiments (FC) of Pilet et al., (2010; Figure 5.3). Pilet et al., (2010) 
demonstrated with their high-pressure (930-1500 MPa) FC experiments that it is possible, in a two-
step sequence of crystallisation, to fractionate from a basanitic parental melt olivine + cpx at high 
temperatures (1160-1250°C) followed by amphibole + CPX + oxides + apatite at lower temperatures 
(980-1130°C). The sequence of crystallisation that Pilet et al., (2010) produced in their experiments 
fits the sequence observed in the natural samples and experimental runs of this study (Figures 4.2.20 
and 4.2.72). The Waipiata region has ample basanites, known to be a common primary melt for the 
volcanoes of the area (Coombs et al., 2008; Nemeth et al., 2003). Therefore, it is plausible that the 
parental melt for the Pigroot suite was basanitic, with early fractionation of the parental melt 
occurring at high pressures and temperatures, enabling the fractionation of olivine and CPX. This 
first step of crystallisation is evidenced by the present of phenocrystic olivine in sample PR03 (Figure 
4.2.12) although no basanites were sampled at Pigroot. The second stage of crystallisation observed 
from experiment PR3H (run at 1050°C and 1200 MPa), produced amphiboles, cpx and apatite 
(Figures 4.2.72), with the dominant mineral being kaersutite amphibole. The dominance of the 
amphibole in sample PR3H is reflected in the mass balance models, as amphibole is the controlling 
mineral with the highest modal abundance in the modelled fractionating assemblages, compared to 





even though it was crystallised in experiment PR3H, as well as in the experiments of Pilet et al., 
(2010). This is a reminder of the uncertainties associated with mathematical models and the potential 
compositional range of the minerals used for the models, as natural variations of elements within the 
minerals can cause the model to present one phase as being the dominant phase, resulting in the 
removal of another phase from the system(Appendix 3 and Electronic supplementary document A). 
When compared to the data of Pilet et al., (2010), the data of this study has a positive linear 
progression towards the Phonolite field at ~15 kbar (2000 MPa), with exception of the Trachyandesite 
points that follow a trend superficially similar to polybaric fractionation or olivine contamination 
(Figure 5.3; Sack et al., 1987). To test for olivine contamination of these samples, the major oxides 
of this study and those of Pilet et al., (2010) were entered into an olivine control plot (Figure 5.4) 
which exhibits a vertical trend for the samples of this study. This trend demonstrates that there was 
no olivine contamination, or that the magma was in equilibrium with the olivine (Pilet et al., 2010). 
As Figure 5.4 indicates no olivine contamination, it is likely that the Trachyandesite samples are 
misrepresented on the plot. This is possibly due to having overly fractionated sodium-rich alkali 
feldspars and nepheline out of the system resulting in these samples plotting with lower total alkalis 
in the TAS diagram (Figure 4.3.1). The trace element characteristics of the two trachyandesite 
samples are analogous to those of the phonolite, also suggesting an overall similar origin, with alkali 
(and hence their position on the TAS) being affected by late-stage processes. It also suggests that the 
sample suite represents the second stage of crystallisation of Pilet et al., (2010), during which the 
olivine is not a fractionating phase. 
 
Figure 5.3. Phase diagram of Olivine, Diopside and Nepheline comparing the experimental fractionation study at 15kbar 
undertaken by Pilet et al., (2010) and this study's natural samples. Samples highlighted by the green circle show a trend 
towards the phonolite field, whereas those highlighted by the red circle may be due to the crystallization of nepheline out 






Figure 5.4. Olivine control diagram comparing the experimental results of Pilet (2010) and the natural samples of this 
study. The green diamond and green vertical line indicate Fo85 composition. Black arrow indicates mixing line of magmas 
with expected accumulation of olivine, increasing towards the right. Data does not support accumulation. 
 
5.3. Magma mixing 
The second hypothesis is that there was a mixing event between an evolved phonolitic magma and a 
mafic magma carrying xenoliths. Evidence for this could be the presence of domains with different 
petrographic characteristics. Domains of a mafic- intermediate magma hosted within an intermediate 
to silicic magma gives evidence for mechanical mingling of two magmas, which normally are both 
compositionally and thermally distinct from one another but reside within the same magma storage 
area (Hodge et al., 2012). For domains to form, both magmas must be in a ductile state which would 
allow for different magmas to interact (Abratis et al., 2015). These domains are evidence of the 
complex interactions between the two magmas providing information about the magmatic histories 
of the two compositionally different magmas and their marriage (Hodge et al., 2012).  
Evidence for this is observed in hand sample and more distinctly, in thin section as mingling textures 
(Figure 5.6). Domains with different petrographic characteristics can be observed in most of the 
samples of this study in varying forms and sizes, with some observed as fluidal textures                         
(e.g. Figures 4.2.2 and 5.6), others as defined patches, with one domain protruding into the other (e.g. 
Figure 4.2.1) and commonly observed corrugated margins between the two domains (e.g. Figures 
4.2.42 and 4.2.43). The domains within the samples of this study are observed in two main varieties, 
either; a finely crystalline and dark coloured domain, or a coarser and lighter coloured domain, with 
slight variations of the two between samples (Figure 5.6 and 4.2.1).  
 







Figure 5.6. Photomicrograph of PR-Mix showing both coarse and fine domains within mingling textures between the two 











Mineral compositions between the domains indicates that there are chemical variations, with the 
feldspars from the fine domain being predominantly anorthoclase, and those in the coarse domain 
being predominantly sanidine, but show a gradual transition into the anorthoclase field (Figure 5.8). 
Likewise, the cpx also show variation between the two domains, those within the fine domain having 
a composition of Wo47En33Fs42-50 and those within the coarse domain having a composition of Wo47-
49En35-39Fs11-16 (Figure 5.9). The compositional difference between the domains gives indication that 
there were two magmas present which mingled to create the samples of this study. Sample PR-Mix 
was a small clastogenic lava that was taken from outcrop PR14 (Figure 5.7), by comparing the mineral 
chemistry of the cpx from the two domains within sample PR-Mix to the cpx from the most primitive 
sample (PR03) and most evolved sample (PR15), it becomes clear that there is overlap of data. The 
mineral chemistry of the fine domain in PR-Mix overlapping with mineral chemistry of PR03, and 
the mineral chemistry of the coarse domain overlapping with the mineral chemistry of PR15 (Figures 
5.8 and 5.9). When comparing the feldspars from PR-Mix and the two end member samples, there is 
no observable difference regarding the placement of the feldspars on the ternary diagrams (Figure 
5.8). This implies that the feldspar crystallised at a later stage than the cpx and did not retain the end 
member magmas chemical signatures, and possibly different cooling regimes between the magmas 
resulted in varying effects on the compositions of the feldspars during their crystallisation. However, 
as only a small number of feldspars from both end member samples provided good analyses, this is 
not a large enough data set to obtain a truly representative picture of the variation in mineral 







Figure.5.8. Alkali-Feldspar compositions within samples PR-Mix (yellow), PR15 (purple) and PR03 (red). Dashed grey 
circles indicate compositional difference of feldspars, with the feldspars plotting within the anorthoclase field belonging 
to the fine domain (A) and those within the sanidine field belonging to the coarse domain (B). Also shown are the feldspar 
compositions of the end member samples PR15 (purple) and PR03 (red), sample colours are linked to Figure 4.3.1 TAS 
diagram and the colour scheme presented there. The mineral chemical differences between the domains in sample PR-
Mix are not observed when comparing the two end member samples PR15 and PR03. Ternary triangle in the bottom left 









Figure 5.9. Chemical variation of clinopyroxene in samples PR-Mix (yellow), PR15 (purple) and PR03 (red) within a Wo 
Ae Fs system. Grey dashed circles indicate compositional differences between clinopyroxene of the fine domain (Wo47-
49En35-40Fs10-15; A) and the coarse domain (Wo47-49En22-35Fs15-29; B). The mineral chemical differences between the domains 
in sample PR-Mix have the same compositions of the two end member samples, PR03 (phonotephrite) and PR15 
(phonolite). ), sample colours are linked to Figure 4.3.1 TAS diagram and the colour scheme presented there. Ternary 
triangle showing composition fields for pyroxene end members Wollastonite (Wo) Enstatite (En) and Ferrosilite (Fs), 
also showing the Diopside (Di), Hedenbegite (Hd), Augite (Ag) and Pigeonite (Pg) fields. The greyed section is the area 
shown in the data plots. 
 
In addition to different petrographic domains, mingling of a mafic magma carrying xenoliths with an 
evolved melt in a shallow reservoir could leave some evidence of the original xenolith host as chilled 
margin surrounding the xenoliths (e.g. Abratis et al., 2015). Chilled margins were not be observed in 
xenoliths at Pigroot due to their strong alteration and reaction rims (Figure 4.2.17). Chilled margins 
could have formed between the xenoliths and the surrounding magma, however, chilled margins do 
not grow continuously and can be remelted (Huppert et al., 1989). If remelting continues the chilled 
margins can be completely destroyed (Huppert et al., 1989). Their absence from the Pigroot samples 
therefore is not conclusive evidence that mingling did not occur. 
The chemical composition of the host rocks shows an almost complete compositional range between 
the two extreme end members (Figure 4.3.1). For the end member magmas to have mingling and 
resulted in such wide chemical variations, means that the magmas did not mingle very well. 
To explain a similar xenolith-hosting phonolite found in Heldburg (Germany), Grant et al., (2013) 
created models to test their hypothesis of magma mixing. From their models they concluded that for 
mixing to have occurred in Heldburg, the phonolitic component originated from depths that were in 
the upper mantle, but close to the crust-mantle boundary (Grant et al., 2013). These authors also 






that would have caused the phonolitic magma to cool and lose the ductile state needed for mixing to 
occur (Grant et al., 2013, Abratis et al., 2015). Grant et al., (2013) state that there could have been a 
mixing event at depth between an evolved magma and mafic magma. The authors however, are more 
adamant that the xenoliths were entrained by the phonolitic magma directly from the wall rocks of 
the mantle and/or lower crust prior to the mixing event. Abratis et al., (2015) also discuss the evidence 
and possible mechanisms that enabled the Heldburg phonolite to bear mantle xenoliths. Unlike Grant 
et al., (2013), Abratis et al., (2015) discuss that possibly the mantle xenoliths were carried within a 
basanitic magma, which via mingling with a phonolitic magma, enabled the mantle xenoliths to 
become entrained in the evolved melt. The authors further discuss that the phonolitic magma storage 
area may have been zoned and that it was injected with the mafic magma at a rate fast enough to 
overcome settling out of the xenoliths (Abratis et al., 2015).  
The processes described by these authors gives possible mechanisms for the entrapment of the 
xenoliths and mingling/mixing of magmas that produced a wide range of compositions in the Pigroot 
site, as like Heldburg, Pigroot too may have had a zoned magma storage area that was injected by a 
mafic xenolith bearing magma. The wide range of compositions of the Pigroot site suggests that it 
had a zoned magma storage area as complete mixing of the two end member magmas would not have 
created such a range of compositions (Figure 4.3.1). Whether the xenoliths were captured by the 
phonolitic magma from the mantle wall rock, or they were incorporated via mixing/mingling with a 
xenolith hosting mafic magma is tricky to establish due to the lack of chilled margins surrounding the 
xenoliths which would have provided some information about their origin prior to entrainment by the 
phonolitic magma. However, by following the evidence and arguments of Abratis et al., 2015, it is 
more likely that the xenoliths were incorporated into the phonolitic magma via an injection of a 





Chapter 6: Conclusions 
The aims of this research were to characterise and constrain interpretations of both the factors and 
processes that enabled an evolved phonolitic magma body to bear mantle xenoliths by use of 
petrography, geochemistry and high-temperature high-pressure experiments on the host rock. The 
two alternative hypotheses for the entrainment of the mantle xenoliths into the phonolitic magma at 
Pigroot are: (A) deep crystallization formed a zoned mantle storage area (phonotephrite-phonolite) 
and the xenoliths became entrained within the magma during its final ascent, or (B) a primitive 
xenolith-bearing magma was injected into a fractionated magma reservoir (phonolite) residing in a 
mantle or crustal storage area and these mixed and ascended together. From observations and 
interpretations of the data obtained during the course of this study, I draw the following conclusions 
have been established in regard to the two hypotheses of xenolith inclusion into the phonolitic melt 
of the Pigroot: 
1) The phonolitic component of the Pigroot is likely to have evolved from a phonotephritic melt at upper 
mantle depth. This is observed via the two end member magmas of the Pigroot rock suite, with the 
end member magmas being phonotephrite and phonolite. A constraint for magmatic evolution 
occurring at high pressure (upper mantle) is experimental run PR3H which was run at 1200 MPa and 
1050 °C, and had crystallised kaersutite, cpx and apatite. The pressure and temperature of this 
experiment reflect those of the upper mantle and the minerals crystallised as well as their 
compositions match those observed within the natural samples of this study. Further evidence for the 
magmatic evolution occurring at upper mantle depths is established by comparing the whole rock 
data of this study to the FC experiments of Pilet et al., 2010, in which the samples of this study plot 
at pressures of ~2000MPa and towards/within the phonolite field giving an indication of upper mantle 
pressures. 
2) The phonotephrite evolved from a basanite parent, indicated by olivine phenocrysts in the 
phonotephrite. The Waipitata region has an abundance of basanites which have been studied and are 
believed to be the common primary melt for magmas of the area. When comparing the Heldburg 
xenolith bearing phonolite to the Pigroot phonolite, it is evident that the Heldburg site shares many 
similarities and characteristics to the Pigroot site, with the parental melt also being basanitic. 
3) A zoned reservoir existed that fed the eruption at Pigroot. The wide range of chemical composition 
of the host rocks that range between the two extreme end members suggests that the Pigroot site had 





assumed that the magma storage area was zoned with different levels of magmatic evolution taking 
place in different areas of the reservoir possibly due to the settling of phenocrysts.  
4) Xenoliths could have either been entrained by a fresh injection of a mafic magma or could have been 
entrained after the magma in the reservoir started rising. Whether the xenoliths were captured by the 
phonolitic magma from the mantle wall rock, or they were incorporated via mixing/mingling with a 
xenolith hosting mafic magma is tricky to establish due to the lack of chilled margins surrounding the 
xenoliths which would have provided some information about their origin prior to entrainment by the 
phonolitic magma. However, as there is no evidence for a basanitic melt within any of the samples, 
in neither textures, crystals or compositions, it is less likely that the process of xenolith entrapment 
within the phonolitic melt was caused by an injection of primitive xenolith bearing melt, and more 
likely that the xenoliths were picked up after the magmas fractionated within the mantle. 
5)  A small amount of mingling between the magmas from the zoned reservoir occurred. Mingling 
between the magmas is evident via the domains present in almost all samples. These domains retained 
most of their magmatic parents characteristics which can be seen in the chemistry of the minerals 
analysed, which shows compositional variations between the domains. Sample PR-Mix highlights 
the difference between the domains very clearly. Its domains represent both the most primitive and 
most evolved samples as is observed by the chemical compositions of the cpx from the two domains 
within sample PR-Mix overlaying the chemical compositions of the cpx found in the two end member 
samples. The interfingering and corrugated margins of the domains in sample PR-Mix, as well as all 
other samples in which domains are present, provides evidence for magma mingling when both of 
these were ductile.  
Future work 
Due to the limited time frame for the experimental campaign, and as a result the limitation of 
tested variables, it would be beneficial for further high-P high-T experiments to be performed. This 
will allow testing of all possible temperature and pressure variables between the two end 
member compositions found at Pigroot and obtain the full sequence of crystallisation to 
further constrain the depth at which the magmatic evolution and entrapment of xenoliths occurred.  
Further study of the reaction rims observed on the xenoliths should also be undertaken as the 
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Appendix 1. Microprobe standards analysis  
 
Table 1. Analyses of standards taken at the start and end of sample analyses with the mean of the standards compared to 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix 2. Preparation procedure for experimentation 
using the QuickPress using ½ inch bomb 
 
 










1  Preparation of Starting Material 
The starting material for the experiments should be the freshest and least altered sample, in this 
experimental work the sample selected was Sample PR03 as it was the least altered of all 23 samples 
collect. The sample first needs to be turned into a fine powder by use of a hydraulic crusher and ring 
mill with a tungsten carbide mill (see section 3.3 in the Methods section of this thesis document). To 
homogenize the sample it needs to be turned into a glass, to do this the powder is to be placed into a 
platinum crucible and then (1) dried in an oven for 30 minutes at 100 ᵒC, before (2) being transferred 
into a furnace for 1 hour at 1300 ᵒC. After an hour of heating the crucible can be taken out of the 
furnace using the appropriate PPE gear (heat proof gloves, face shield and welders tongs with 
platinum tips). The glass is to be quenched in a pot of water (Figure 1). Once the glass has cooled it 
can be carefully extracted from the crucible using the specialised glass extraction tool known as a flat 
head screwdriver (Figure 2). 
For the glass to be used in the experiments it has to be crushed into a fine powder, to do this use an 
agate pestle and mortar until it is as fine as silt (Figure 3).  
When making a new capsule, dry out the starting material in an oven for 20-30 minutes to make sure 
there are no unwanted volatiles present.  
 






Figure 2. Glass was carefully extracted by hand using a flat head screwdriver from the crucible and kept in an air tight 
glass jar.  
 
 
              
Figure 3. Homogenised glass hand crushed/ground with agate pestle and mortar. The powdered glass was then put into 















- Fine Salt 
- Moly paste (molybdenum oxide paste) 
- Toothbrush 
- Salt cell forming die (SCFD; Figures A1, A2 & A3) 
- Aluminium funnel (Figures B1, B2 & B3) 
- Extraction guide (Figures C1, C2 & C3) 
- Extraction stand (Figures D1 & D2) 
- Support plug (hex ring; Figures E1 & E2) 
- Mild-steel compression bushing (compression ring; Figure F) 
- 12mm x 68mm mandrel, 10mm x 80.4mm mandrel & 8.6mm x 77mm mandrel (Figure G) 
 
Using an agate mortar and pestle grind the salt so that it is very fine, then put the ground salt in an 




i) For this assembly weigh 2.8 g (±2 g) of finely ground salt. The weight can vary a bit as the level of 
compaction can change depending on the efforts of the person filling the Salt cell forming die (SCFD) 
and the pressure used with the hydraulic ram. The weight of a typical salt cell will have more or less 
the weight of the starting fine salt that is used to make the cell. The difference in weight is due to the 
compression of the salt. 
 
ii) Lubricate properly all the metal parts (the mandrels, ring, interior of the SCFD/support plug and hex 
ring) that will be used to make the salt cells to make sure that nothing blocks during compression and 
damages the components. The lubricating medium is Moly paste and a thin even coat is what is 
required. 
 
iii) Place the 10 mm x 80.4 mm mandrel in the hex ring, then make sure everything is square. Place the 
SCFD over these, having the mandrel in the centre of the die. Place the aluminium funnel onto of the 
SCFD and fill it with the fine salt. 
 
iv) Once the SCFD if full, take the aluminium funnel off and place the ring in the salt, initially push the 
compression ring a little to compress the salt so that the desired amount can be housed, once the right 
weight of salt is reached push the compression ring as much as it will go. The ring is used to pack the 
salt during compression. 
 
v) Carefully take the components and place the SCFD on top of the extraction guide and onto the 
extraction stand and in position on the hydraulic ram. 
 






    
   
   
 
   
 
     
 
Figures A1-A3, B1-B3, C1-C3, D1-D2, E1-E2, F and G show the components needed for making a salt cell for the ½ 
inch Bomb. The components also have the measurments labelled so there is no confusion. Compenets names can be seen 
at the start of this section. 





























3  Preparation of capsules 
                                                                                             
 
                                                                                                                             
 
 
                                                    
Hydraulic ram 
12mm x 68mm 
mandrel  
Compression ring  
SCFD  
Fine salt (light grey)  







applied until 200 
PSi is reached. 
 Salt kept at 200 
Psi for 2 minutes, 
resulting in the 
compaction of the 
salt around the 
mandrel. 
Remove the Hex 
ring and Extraction 
guide. 
Apply more force 
via the hydraulic 
ram, never 
exceeding 200 Psi. 
The mandrel with 
the formed salt cell 
and compression ring 
will drop out. You 
can now remove the 
salt cell and 
compression ring 
from the mandrel. 
Raise the hydraulic 
ram to home 
position. 
Place the 8.6mm x 
77mm mandrel as 
shown. 
Apply pressure to 
extract the 12mm 
x 68mm mandrel. 
Do not exceed 250 
Psi. 
Both mandrels are 
now free, and the 
hydraulic ram can 






3.1 Preparing the capsules for the ½ inch Bomb. 
Note: Weigh the capsule at every step. Each time something is done to or with the capsule it must 
be weighted and recorded.  
The capsules are made of platinum rod that has a maximum length of 72 mm or a minimum length 
of 60 mm. The internal diameter of the rod varies between 2.4-2.5 mm and the external diameter is 3 
mm.  
 
Figure 3.1. Platinum rod cut to length. 
Cutting: Using a razor blade and minimum amount of pressure cut the platinum rod into lengths (60 
mm – 72 mm). To cut the platinum rotate the rod under the blade rather than a sawing action with the 
blade.  
Annealing: Once the desired amount of capsules are cut place them on an alumina rod so that they 
can be annealed (Figure 3.1.A). To anneal the capsules, use a gas torch to heat each capsule to 1000-
1200°C for 2–3 minutes (Figure 3.1.B). This will soften the metal and make it workable. Once the 
capsules have cooled, they are stored in a clearly marked container ready to be filled. 
   
Figures 3.1.A and 3.1.B. Platinum rod cut into lengths and placed on an alumina rod (A) ready to be annealed using a gas 
torch(B).  
Closing the lobes: The type of clamp used is a “tri-clamp”, this means that there are 3 lobes to the 





long sides of the opposite ends are on the same plane, this helps to balance the capsule within the 
assembly and later when epoxying the capsule. 
  
Figure 3.3. Triclamping of the capsule with illustration.  
 
Once the lobes are clamped, use the small snipping pliers to cut the top of the lobes so that they are 
flat.  
The most important part of the clamping is to make sure there are no holes or openings, as it can be 
tricky to weld them shut and that may create a weak point for the capsule during an experiment. 
Once the lobes are clamped and snipped, they can be welded.  
Welding the lobes: To weld the lobes a Lampert jeweller’s argon welder is used (Figure 3.4). First 
open the Argon gas tank and mixer. If the tank is not open correctly or enough, the welder will prompt 
an error message about the gas. Alternatively, the gas will flow normally, but the mixer is not opened 
enough or too much and this will result in bad welding.  
When welding the welder tip must be clean and free of debris/dirt (Figure 3.5) and the capsule kept 
cool as this will enable strong welds to form. Start with 35 % power in the centre where the 3 lobes 
meet. The weld here is critical as this is the weakest point of the capsule. Next lower the power to 
Finally use 20 % power to strengthen the welds. Make sure to also weld on the sides of the lobes and 
not just the ridges. Pay attention to not have any holes within the welding as these are focal points of 
weakness during the experiments. The fewer welds done the better, but good overlapping welds are 





Figure 3.4. Lampert Jeweller’s argon welder set up. 
  
 
Figure 3.5. Lampert Jeweller’s welder welding tip. 
 
  





Filling the capsules: The capacity of the capsules is about 30 mg (depends on the over length of the 
capsule and the space taken by the lobes). There are 2 types of capsules: 1) anhydrous and 2) hydrous. 
The following is are the guidelines on how to fill the capsules and the slight differences between the 
two types:  
1) Anhydrous: using a sterile spatula (Figure 3.7) fill the capsule with the dried powder (Figure 3.7), 
filling as much as will go in while leaving a space at the top for the lobes to be formed. Use paraffin 
attached to a toothpick to clean the inside and outside of the capsule where it will be welded. If the 
capsule is dirty, then the weld will not form and there will be a no seal. Once the capsule is filled, 
cleaned, clamped, snipped (Figure 3.7) and weighted repeat the welding process as was done for the 
other end.  
 
2) hydrous: Using the Microliter syringe (Figure 3.8) add 4 wt% water, then add the powder. The 
clamping/cleaning steps are the same as for the anhydrous capsules (see formula below for weights 
calculation). When it is time to weld either wrap the capsule with some paper towel that is soaked in 
ethanol or dip the capsule in liquid nitrogen. Weld the same way as for the anhydrous, except great 
caution is needed as not to lose the volatiles. After every 2 welds re soak the paper with more ethanol 
to prevent the capsule from heating up. The weld needs to be strong, but the less welding that can be 
done the better as there will be less likelihood of losing volatiles. Once the welding is complete weigh 
the capsule and put it in the oven (100 °C) for 5 minutes. Record the weight again and if it has not 
changed than the seal is strong, and no volatiles were lost.  
 
Below is the calculation for percentage of water within a capsule. 
 
3.2 Percentage of water formula 
 
Capsule empty = 0.2721 g 
Capsule with water = 0.2729 g = + 0.0008 g H2O (4% H2O = 1mg if we put 20mg of powder). 
Capsule H2O + powder = 0.2931 g → Powder add = 0.2931-0.2729 = + 0.0202 gr (20.2 mg) 









Figure 3.7. Showing the tools needed for filling and shaping the platinum capsules (flat nose pliers, snips, spatula, capsule 
with labeled container and dried starting material) 
 








The assembly is made of several components that enable experimentation of material at high 
temperature and high pressures. Figure 4.1 below shows the materials and components needed for 
making the assembly that fits inside the Bomb. 
 
Figure 4.1. All of the components needed for making the assembly prior to be fitted into the Bomb. 
 
4.2 The magnesium assembly: 
 
For this assembly two pieces of magnesium cylinder are used, the base segment that holds the 
thermocouple measures 12 mm and the top segment that houses the capsule measures 14 mm (Figure 
4.2). 
 
Before cutting use a lathe to square out the face of the free end to make sure it is flat and free of 
embellishments, then cut the magnesium cylinder using a Jewellers saw (Figure 4.3). Cut the 
magnesium by making small cuts and rotating the cylinder, this will give a much cleaner cut and will 
minimize the risk of breaking the fragile magnesium cylinder. Initially cut the magnesium a 

























Figure 4.2. The two parts of the magnesium rod used for the assembly, the shorter piece houses the thermocouples and 
alumina rod, the larger piece houses the capsule.  
 
 







Bore out the interior of the top segment using a rotary tool with the smaller of the two rotary bits used 
for this purpose (Figure 4.4). Do not bore all the way through the magnesium, leave 1 mm at the base. 
Then use the lathe with the larger rotary bit to create a 0.5 mm lip for the alumina disk to sit in at the 
top of the segment (Figure 4.5).  
 
The base segment does not need to be bored out as the thermocouple sits snug within the premade 
bore and only needs a lip made for the alumina disk, this is the same as the top segment. Alumina 
cement is used to glue the alumina disk within the lip made. 
 
 The hole at the bottom of the top segment is to be sealed using alumina cement. 
Place some pyrophyllite in the top segment so create a “bed” for the capsule to site on, this does not 
need to be a thick layer. Tap it down to compress the pyrophyllite then place the capsule and fill the 
entire bored out chamber with pyrophyllite. Make sure to tap it down well as it compacts very easily, 
add more pyrophyllite as needed (Figure 4.6). Using the alumina cement, place a dab of it in the lip 
of the bottom magnesium segment and quickly fit an alumina disk to seal it (Figure 4.6). 
 
 
Figure 4.4. Rotary bits used to boring the magnesium pieces. 
   





     
 
Figure 4.6. Filling of the top magnesium segment with pyrophyllite, the capsule and sealing it with an alumina disk.  
 
 
5  The alumina rod and K thermocouple: 
The thermocouples are critically important, for these experiments I used a “K” thermocouple. The 
Thermocouple is what allows the recording of information about the temperature rise/dwell/fall and 
the duration of an experiment.  
The thermocouple is made up of two wires (Nickle-Chromium and Nickle-Aluminium) and these are 
colour coded with black and red so that they are easily distinguished.  
The thermocouples are housed within an alumina rod that measures 45 mm in length and has 4 internal 
channels (Figure 5.1). There are several thicknesses of alumina rod, and hence I used the support plug 
to know which alumina rod fits (Figure 5.2). It is very important that the only site of contact between 
the two wires is at the top of the alumina rod where the two wires protrude out of the alumina rod and 
overlap (Figure 5.1), the exposed wires are then covered with a small dab of alumina cement to protect 
them and to hold them together as not to lose contact. Once the wires are in place they need to be bent 
90° at the base of the alumina rod. 
To fit the wires through the alumina rod, see figure 5.1. Note: the alumina rod needs to be cleaned 
after cutting and sanding so that the thermocouple can pass through. If there are kinks in the 
thermocouple it will not pass through and these need to be gently straightened out. It is important to 
take note if the thermocouple wires are oxidized or not, if they are they must be cut or replaced. 
When working with the thermocouple, turn on the console in order to know that there is contact 






Figure 5.1. skematic for the alumina rod and thermocouples. The colours used here for the thermocouples are the actual 
colours of the thermocouple casings.  
 
   
Figure 5.2. Base plug and support with the alumina rod running through it. The skematic diagram (right) shows the total 


















6  Putting the assembly together 
To put together the assemply start by turning on the control box to see that the thermocouples are 
reading, constantly check that the thermocouples are being read. The temperature being read by the 
control box should be between 19-24 °C, but this may vary depending on the ambient room 
temperature. 
See figure 6.1 below for in depth process flow for preparing the assembly. First fit the alumina rod 
through the support plug and seal the bottom with plastelina mixed with MgO, this will hold the 
alumina rod and thermocouple in place (A,B). Once the alumina rod is in place, fit the base plug with 
a pyrex jacket and the gasket (C). Place the bottom segment of the magnesium assembly over the 
alumina rod, and the graphite tube over the magnesium (D,E), then the top segment of the magnesium 
assembly can be fit inside the graphite tube (F). Fill the gap at the top of the graphite tube with pyrex 
poder, this needs to be compacted a little bit (G), then place a pyrex tube over the graphite tube (H) 
and set a graphite cap to close the assembly (I). Finally, lubricate the outside of a salt cell with Moly 
paste and place this over the pyrex tube (J). 
    
   
Figure 6.1. process flow for putting together the assembly (photos A - J) 
 
A B C 




    
 


















7  Quickpress overview 
The Quickpress (dubbed Ursula) is a simple enough machine that is regularly used to conduct high-
pressure and high-temperature experiments. The pressures and temperatures can be lower or higher 
depending on the Bomb used, there are different Bombs that have different sized internal chambers 
and the use of one over another will depend on the type of experiment run. For all experiments run at 
higher temperatures use the ½ inch Bomb. The Quickpress is made of several components (Figure 
7.1) and all are critical to the success of an experimental run, so they must be check regularly and any 
maintenance needed should be undertake prior to running any experiments (note: get the laboratory 
technician to solve any mechanical problems and let the laboratory supervisor know before hand).  
 
 
Figure 7.1. Overview off the Quickpress rig and its components. Quickpress rig (A), Various Bombs 
(B), Pressure pump/control (C), Bomb forced Cooling unit (D), Rig heating element (E), Rig forced 

















8  Mounting in the ½’’ bomb 
The Bomb is the housing within which the experiment is run. The core of the Bomb is made of 
Tungstun-carbide, this enables the Bomb to withstand the high temperatures and pressures needed 
for experimentation. 
To set up the Bomb for an experiment place it with the correct orientation (bolts downward) on the 
forks, with the connection for the water pipes facing towards you, connect the pipes to the connections 
top to top and bottom to bottom (Figure 8.1) making sure they are locked in place. Use Moly paste to 
lubricate the inside chamber of the Bomb (Figure 8.2 ).  
 
Figure 8.1. Correct placement of the Bomb on the forks and attachment of the water/air hoses. 
 





8.1 Fitting the assembly into the Bomb 
The assembly is placed inside the bomb from below, and needs to be kept from moving once inside 
otherwise it could result in failed thermocouple or assembly breakage. Once the assembly is inside, 
the top part of the piston can be placed inside and the support block placed ontop of this. The bomb 
can now be moved over the ram and this slowly raised to the point where the bomb is resting ontop 
of it. Position the bomb so it sits centered ontop of the ram and increae pressure on the manual pump 
until the desired pressure is reached. The pressure will fluctuate and so needs a few moments to 
stabilize. The water and external forced cooling system can now be turned on. It is important that 
once the ram is engaged and at the desired pressure that nothing except for the ram touches the bomb. 
9  Programming  
 
9.1 Console overview 
 
The programming for the Quickpress rig is simple, but can be confusing. The interface and module 
is the same as for the other ovens within the High-T, High-P lab. Below will go into depth on how to 




Figure 9.1.1. The interface of the console for the Quickpress rig. 
 
The console for the Quickpress rig is very simple in its design and has 6 buttons: 
1) Home button shown as a paper with a fold in the corner (the “page” button) 
2) return/ back button shown as a circular arrow 
3) up/down scroll button shown as up/down facing triangles 
4) 2 circular buttons that start the program and switches between manual and automatic modes.  
The interface itself is more complex, the following will outline how to set up a program for the 
Quickpress rig. Table 9.1 shows what the abbreviations within the interface and their meanings. 
 
Table 9.1.2. Abbreviations within the interface of the Quickpress rig. Note: these are the most common and most used 





Abbreviation Meaning/selection wanted 
CYC.n # Cycle # 
SEG.n # How many cycles/pieces are wanted 
RMP ramp 
RMP.t Unites = minutes 
tGt Target temperature 
dur Duration 
PrG # Program # 
dwL dwell 
OP Out put level (%) 
SP Target set point 
rAtE Ramp rate 
 
 
9.2 Conversion of PSI to MPa 
 
A conversion is needed in order to establish the desired pressure values, as the rig uses PSI which 
needs to be converted to MPa prior to an experimental run so that the correct pressure(s) are exerted 
on the experimental capsule. The following figure illustrates the conversation from the nominal 





Figure 9.2.1. Diagrams showing correction of nominal pressure (pressure exerted by the ram) to real pressure (allowing 
for friction within the rig). Figure from Masotta et al 2012. 
9.3 To set up a program and to run it: 
 
When changing a value to be set in the program, it must blink. So if a value is put and no time is 
given for the computer to blink and “lock” the desired value, the value that will actually be set is the 
default or last set value and not the new input. 
 
9.3.1 Setting up the program: 
 
1) Push the “page” button to go into the program menu screen 
2) In the program menu use the page button to cycle through the different pages until it lands on “prog 
1”. 
3) In prog 1 use the scroll buttons to cycle through the options and input them as follows: ramp units = 
min, dwell units = hour, cyc 1→ target = ( temperature you want to achieve), rate = 80ᵒC/min 
4) Change the Output values to be: low = 0% and high = 40% 








9.2.2 Starting the program and experiment 
 
1) Manually turn off the power to the rig both on the console and the wall. This is to ensure that the new 
settings have been locked in. 
2) Manually turn on all the power to the rig both on the wall and the console.  
3) Check that the program is correct and all the parameters are as intended, if they are not repeat the 
steps in 8.1.1. 
4) Check that all the lines are connected correctly to the Bomb. 
5) Check that the thermocouples are reading a temperature. 
6) Start raising the pressure until the desired PSI is reached (for ½” Bomb 1200 PSI = 800 MPa). 
7) While raising the pressure constantly keep watch over the thermocouple reading, it may be lost when 
the Salt Cell recrystallizes and then be read again. However if the thermocouple is not read during 
the pressurization process then the assembly must be remade. 
8) Press the circular button the console screen to be in MAN (manual) mode.  
9) On the screen use the paper button to scroll until you are on the screen that says “OP”. The starting 
value should be 0. 
10) Turn on the water in and out valves. The water pressure should not exceed 2.5 PSI. 
11) Turn on the forced cooling apparatus. 
12) Triple check that everything is as it should be. 
13) Write down the time the relay was switched on and all information regarding the experiment in the 
½ inch Bomb work book. 
14) Manually set the OP to 5 % and switch on the relay on the console, the voltage and amps should start 
to rise and so should the Temperature being read by the thermocouples. 
Note: During this process the pressure will decrease due to the increase in temperature. Make sure 
to keep the pressure constant at the desired value the entire time until both pressure and temperature 
are stable. 
15) Raise the OP by increments of 1 % until you reach the set point that was input (eg 300 ᵒC). Each time 
the temperature becomes stable prior to raising the OP note down the 
time/temperature/PSI/amps/voltage and OP %.  
16) Once the selected set point is reached switch from MAN to AUTO.  
17) Now take note of the values (time/temperature/PSI/amps/voltage and OP%) each time the 
temperature reaches a whole 100 number (eg 200,300,400 etc). 
18) When the rig reaches the desired temperature let it sit for a while and record it in intervals of 10 
minutes to see that both pressure and temperature are stable and the experiment will run.  
19) If all is as it should be and the rig is running well with the temperature fluctuations showing as # ± 2 
ᵒC, close the valve to isolate the Quickpress rig from the hand pump.  








9.3.3 Finishing an experimental run  
To finish an experimental run you must work quickly, this is because of the nature of the experiment, 
the assembly being very small losses heat very rapidly, but pressure must be kept constant or quench 
crystals will form. 
Note: make sure the valve isolating the rig from the pump is open. 
The following steps outline how to finish an experimental run: 
1) Press and hold (for a few seconds) the RUN/HOLD button to stop the program, then quickly turn off 
the relay. 
2) Move quickly to the pump to keep the pressure constant as the temperature plummets, this is a critical 
moment and you must work fast. 
3) When the temperature reaches ~100ᵒC the pressure will stabilize.  
4) Change from AUTO to MAN and lower the OP to 0. 
5) Write down the time when the experiment was finished and if it was an isobaric quench or otherwise. 
 
10  Extracting the Capsule from the Bomb 
Once an experimental run has been completed the capsule needs to be retrieved from within the Bomb 
and the assembly.  
1) Turn off the console. 
2) Shut off the water. 
3) Release the pressure. 
4) Change the water lines to the compressed air lines and blow out the water within the Bomb. 
5) Release all the lines connected to the Bomb. 
6) Take out the top of the piston (Figure 10.1) 
7) Pull out the base support and snip the thermocouple wires inside (Figure 10.2). 
8) Now take the bomb to the hydraulic ram, making sure the catcher is below the Bomb, otherwise the 
experiment will be lost forever! (Figure 10.3) 
9) Place the Bomb with the bolts facing up on the extraction stand and using the rods for making the 
Salt Cells gingerly extract the assembly (Figure 10.3 & 10.4).  
Note: The pressure used with hydraulic ram to extract the capsule must not exceed 100 PSI.  
10) Once the assembly has been extracted carefully break the graphite tube to retrieve the capsule from 
within (Figure 10.5).  


























                 
 
Figure 10.5. Extracted assembly with the capsule inside(left), broken apart gently to reviel the slightly deshapen capsule 
after a successful run (right). 
 
 
11  Analysis of Experimental Capsules 
 
To analyse the experimental capsules a JEOL-JXA 8200 Microprobe situated within the High-
Pressure High-Temperature lab will be used (Figure 11.1). To prepare the capsules for analysis they 
need to be put into a mould and epoxy poured into the mould to form an epoxy puck (Figure 11.2), 
the puck then is to be sanded by hand until a mirror polish is achieved ( use wet sand paper 600 – 
3000 grit, then 3-1 micron polishing paste, Figure 11.3). 
 





Figure 11.2. Capsule encased in epoxy within the special mould. 
Once the epoxy pucks have a mirror polish with no scratches visible (use a microscope to determine 
this) the puck can be cleaned using an ultrasonic bath for 10 minutes and wiped dry using Kimtach 
fibreless tissues and ethanol.  
NOTE: wear latex gloves while handling the epoxy pucks or thin sections before and after the 
ultrasonic bath to ensure no dirt or oils get onto the surface to be analysed. 
 
 
Figure 11.3. Epoxy pucks with polished surface exposing the experimental capsule. The left puck has been carbon coated 
and the right puck has not. 
 
The epoxy puck is now ready for carbon coating (Figure 11.4). This step is very important as a bad 






Figure 11.4. Carbon coating apparatus. 
 
Below is the step by step instructions for carbon coating (note: this will be the same for thin sections 
and epoxy pucks). 
1) Sharpen graphite pieces before use (Figure 11.5), fit into the lid (Figure 11.6) and make sure it is not 
broken!!!  
2) Place the samples in the chamber (3 slides or 6 pucks, Figure 11.7) 
3) Close the chamber and turn on the Carbon Coater and the pump for the vacuum. 
4) Open the gas tank valves, the 1st valve simply open, the 2nd valve open so the reading is 2. 
5) Open the line for the gas and wait for the first vacuum to hold. 
6) Once the first vacuum is done turn off the pump and the Carbon Coater itself. This will allow the 
argon (Ar) to flow freely inside the chamber. 
7) Wait a few seconds until you hear the lid of the chamber “pop”, this is caused by the build-up of the 
Ar. 
8) As soon as the lid opens turn on the Carbon Coater and pump. 
9) Wait for the second vacuum to hold. 
10) Once the second vacuum holds start with brief “shots” of the carbon wait a few minutes between each 
“shot”. 
11) Repeat the shots 7 times.  







Figure 11.5. Sharpening the graphite pieces using a specialised sharpening tool. 
 
 





Figure 11.7. Epoxy pucks placed inside the Carbon Coater chamber.  
 
Once the epoxy pucks or slides have been carbon coated move them carefully into a vacuum sealed 
housing to be ready for use in the Microprobe. Make sure not to touch the side that has been carbon 
coated or the coating will not be uniform resulting in poor data collection! 
 From here a technician will place the thin sections or pucks into a special housing that goes into the 


















Appendix 3 Mass Balance and Rayleigh fractional 




Table 1. Mass balance Model 2 showing the parental (INIT) and derived (final) magmas. Also 
shown are mineral compositions for Kaersutite (kears), Clinopyroxene (cpx) and apatite from the 
experimental mineral suite and an oxide from PR03.  
  
Table 2. Rayleigh’s fractionation equations comparing trace element calculations for model 2 and 
the analysed results of PR03 and PR15. See appendix 4 for references and the distribution 
coefficients used in the calculations. 
INPUT DATA
OXIDE Parent (PR03) Derived (PR15) cpx148 kears 159 apatite205 PR03 oxide 112
SiO2 43.68 53.28 48.77 38.61 0.39 0.17
TiO2 2.00 0.48 1.53 3.90 0.02 10.38
Al2O3 13.47 16.66 4.69 9.99 0.04 0.20
FeOtot 21.21 13.92 11.34 22.52 1.44 87.17
MnO 0.15 0.15 0.20 0.22 0.06 0.56
MgO 4.85 1.60 13.04 11.63 0.66 1.27
CaO 5.41 2.33 18.85 9.14 53.89 0.10
Na2O 5.39 7.53 1.34 3.02 0.28 0.02
K2O 2.91 3.88 0.21 0.90 0.09 0.06
P2O5 0.95 0.17 0.03 0.06 43.14 0.08
TOT 100.00 100.00 100.00 100.00 100.00 100.00
RESULTS
OXIDE
Bulk Composition (subtracted 
material)
Observed difference Calculated difference 
Observed calculated 
residuals
SiO2 30.13 9.60 9.53 0.07
TiO2 4.82 -1.51 -1.79 0.27
Al2O3 8.51 3.19 3.35 -0.17
FeOtot 31.54 -7.29 -7.26 -0.03
MnO 0.26 0.01 -0.04 0.05
MgO 9.42 -3.25 -3.22 -0.03
CaO 9.49 -3.08 -2.95 -0.13
Na2O 2.59 2.14 2.04 0.10
K2O 0.80 0.97 1.27 -0.30




Amount as wt% of the parental 
magma
Amount as wt% of all phases Amount as wt% of added phases
Amount as wt% of 
subtracted phases
cpx148 3.6 7.5 100.0 0.0
kears 159 -36.6 75.7 0.0 81.8
apatite205 -2.3 4.7 0.0 5.1
PR03 oxide 112 -5.9 12.1 0.0 13.1
Total: -41.2
Total relative to initial magma: 44.79
3.61
Model 2
% of cpx to initial magma:
Sum of Squares of the Residuals:
Magmas Phases
Rb Ba Th Nb Ta K La Ce
PR03 71.8 765 14.7 143 9.5 26263.7 105 198
Model 2 107.1 1094.9 18.9 183.7 13.3 28651.2 151.6 280.7
PR15 110.5 818 27.7 218 12.3 33259.3 144.5 248
Pb Sr Nd Zr Hf Sm Eu Y Yb
PR03 9 1600 81.5 653 13.7 14.4 4.5 26.2 1.1
Model 2 2243.8 82.2 752.9 17.2 12.6 3.8 33.3 1.4






Table 3. Mass balance Model 3 showing the parental (INIT) and derived (final) magmas. Also 
shown are mineral compositions for Kaersutite (kears) and apatite from the experimental mineral 






Table 4. Rayleigh’s fractionation equations comparing trace element calculations for model 3 and 
the analysed results of PR03 and PR15. See appendix 4 for references and the distribution 




OXIDE Parent (PR03) Derived (PR15) kears 159 apatite205 pr3 oxide 112 PR03 feld 127
SiO2 43.70 53.30 38.63 0.39 0.17 65.72
TiO2 2.00 0.48 3.91 0.02 10.40 0.20
Al2O3 13.48 16.66 10.00 0.04 0.20 19.44
FeOtot 21.17 13.89 22.48 1.44 87.14 0.97
MnO 0.15 0.15 0.22 0.06 0.56 0.01
MgO 4.85 1.60 11.64 0.66 1.28 0.11
CaO 5.41 2.33 9.15 53.89 0.10 0.35
Na2O 5.40 7.54 3.02 0.28 0.02 7.06
K2O 2.91 3.88 0.90 0.09 0.06 6.14
P2O5 0.95 0.17 0.06 43.14 0.08 0.01
Total 100 100 100 100 100 100
RESULTS
OXIDE
Bulk Composition (subtracted 
material)
Observed difference Calculated difference 
Observed calculated 
residuals
SiO2 26.04 9.60 9.38 0.22
TiO2 5.29 -1.51 -1.66 0.14
Al2O3 6.43 3.19 3.52 -0.33
FeOtot 35.23 -7.28 -7.34 0.07
MnO 0.30 0.01 -0.05 0.06
MgO 10.80 -3.25 -3.16 -0.09
CaO 11.49 -3.08 -3.15 0.07
Na2O 1.79 2.14 1.98 0.16
K2O -0.01 0.97 1.34 -0.37
P2O5 2.65 -0.78 -0.85 0.08
Total: 0
Sum of Squares of the Residuals: 0.37
Phase Name
Amount as wt% of the parental 
magma
Amount as wt% of all phases Amount as wt% of added phases
Amount as wt% of 
subtracted phases
kears 159 -31.2 71.12 0 79.71
apatite205 -2.06 4.69 0 5.26
pr3 oxide 112 -5.88 13.4 0 15.02
PR03 feld 127 4.73 10.78 100 0
Total: -34.41
Total relative to initial magma: 39.13
% of feldspar to initial magma: 4.73
Phases
Model 3
Rb Ba Th Nb Ta K La Ce
PR03 71.8 765 14.7 143 9.5 26263.7 105 198
Model 3 97.9 1024.2 17.3 166.3 12.5 27738.9 145.6 264.2
PR15 110.5 818 27.7 218 12.3 33259.3 144.5 248
Pb Sr Nd Zr Hf Sm Eu Y Yb
PR03 9 1600 81.5 653 13.7 14.4 4.5 26.2 1.1
Model 3 1856.2 85.2 731.8 16.9 13.2 4 32.2 1.4





Table 5. Mass balance Model 4 showing the parental (INIT) and derived (final) magmas. Also 
shown are mineral compositions for Kaersutite (kears), Clinopyroxene (cpx) and apatite from the 










OXIDE Parent (PR03) Derived (PR15) cpx148 kears 159 pr3 oxide 112 apatite205 PR03 feld 127
SiO2 43.70 53.30 48.78 38.63 0.17 0.39 65.72
TiO2 2.00 0.48 1.53 3.91 10.40 0.02 0.20
Al2O3 13.48 16.66 4.70 10.00 0.20 0.04 19.44
FeOtot 21.17 13.89 11.31 22.48 87.14 1.44 0.97
MnO 0.15 0.15 0.20 0.22 0.56 0.06 0.01
MgO 4.85 1.60 13.04 11.64 1.28 0.66 0.11
CaO 5.41 2.33 18.86 9.15 0.10 53.89 0.35
Na2O 5.40 7.54 1.34 3.02 0.02 0.28 7.06
K2O 2.91 3.88 0.21 0.90 0.06 0.09 6.14
P2O5 0.95 0.17 0.03 0.06 0.08 43.14 0.01





Observed difference Calculated difference 
Observed calculated 
residuals
SiO2 28.21 9.60 9.54 0.06
TiO2 5.06 -1.51 -1.74 0.23
Al2O3 7.88 3.19 3.34 -0.15
FeOtot 32.96 -7.28 -7.25 -0.03
MnO 0.27 0.01 -0.05 0.05
MgO 10.10 -3.25 -3.23 -0.02
CaO 10.14 -3.08 -2.97 -0.11
Na2O 2.32 2.14 1.98 0.16
K2O 0.46 0.97 1.30 -0.33
P2O5 2.59 -0.78 -0.92 0.14
Total: 0
Sum of Squares of the Residuals: 0.25
Phase Name
Amount as wt% of the 
parental magma
Amount as wt% of all 
phases
Amount as wt% of 
added phases
Amount as wt% of subtracted 
phases
cpx148 3.42 6.88 58.81 0
kears 159 -36.11 72.74 0 82.38
pr3 oxide 112 -5.5 11.08 0 12.55
apatite205 -2.23 4.48 0 5.08
PR03 feld 127 2.39 4.82 41.19 0
Total: -38.03
Total relative to initial magma: 43.83
% of feldspar and cpx to initial magma: 5.81
Phases
Model 4
Rb Ba Th Nb Ta K La Ce
PR03 71.8 765 14.7 143 9.5 26263.7 105 198
Model 4 102.3 1067.6 18.1 175.4 12.9 28306.7 148.8 272.4
PR15 110.5 818 27.7 218 12.3 33259.3 144.5 248
Pb Sr Nd Zr Hf Sm Eu Y Yb
PR03 9 1600 81.5 653 13.7 14.4 4.5 26.2 1.1
Model 4 2032.4 83.6 746.7 17.1 12.9 3.9 32.8 1.4




Table 6. Rayleigh’s fractionation equations comparing trace element calculations for model 4 and 
the analysed results of PR03 and PR15. See appendix 4 for references and the distribution 














OXIDE INIT FINAL cpx148 apatite205 pr3 oxide 112 PR03 feld 127
SiO2 43.70 53.30 48.78 0.39 0.17 65.72
TiO2 2.00 0.48 1.53 0.02 10.4 0.2
Al2O3 13.48 16.66 4.7 0.04 0.2 19.44
FeOtot 21.17 13.89 11.31 1.44 87.14 0.97
MnO 0.15 0.15 0.2 0.06 0.56 0.01
MgO 4.85 1.60 13.04 0.66 1.28 0.11
CaO 5.41 2.33 18.86 53.89 0.1 0.35
Na2O 5.40 7.54 1.34 0.28 0.02 7.06
K2O 2.91 3.88 0.21 0.09 0.06 6.14
P2O5 0.95 0.17 0.03 43.14 0.08 0.01










Calculated difference Observed calculated residuals
SiO2 483.876 9.597 8.697 0.9
TiO2 -45.107 -1.513 -0.921 -0.592
Al2O3 214.417 3.186 3.994 -0.808
FeOtot -376.621 -7.277 -7.888 0.61
MnO -3.376 0.006 -0.071 0.077
MgO -99.765 -3.248 -2.047 -1.2
CaO -188 -3.083 -3.844 0.762
Na2O 80.469 2.14 1.473 0.667
K2O 77.023 0.969 1.477 -0.508
P2O5 -42.917 -0.777 -0.87 0.093
TOTAL 0
Sum of Squares of the Residuals: 4.9228
Phase Name
Amount as 




wt% of all 
phases
Amount as wt% of added 
phases
Amount as wt% of subtracted 
phases
cpx148 -14.88 29.83 0 62.18
apatite205 -1.99 4 0 8.34
pr3 oxide 112 -7.05 14.14 0 29.48
PR03 feld 127 25.94 52.03 100 0
Total relative to initial magma: 23.93






Table 6. Mass balance Model 5 showing the parental (INIT) and derived (final) magmas. Also 
shown are mineral compositions for Clinopyroxene (cpx) and apatite from the experimental mineral 







INPUT DATA model 6
Magmas Phases
OXIDE INIT FINAL cpx148 kears 159 apatite205
SiO2 43.70 53.30 48.78 38.63 0.39
TiO2 2.00 0.48 1.53 3.91 0.02
Al2O3 13.48 16.66 4.7 10 0.04
FeOtot 21.17 13.89 11.31 22.48 1.44
MnO 0.15 0.15 0.2 0.22 0.06
MgO 4.85 1.60 13.04 11.64 0.66
CaO 5.41 2.33 18.86 9.15 53.89
Na2O 5.40 7.54 1.34 3.02 0.28
K2O 2.91 3.88 0.21 0.9 0.09
P2O5 0.95 0.17 0.03 0.06 43.14





Observed difference Calculated difference 
Observed calculated 
residuals
SiO2 32.814 9.597 10.066 -0.469
TiO2 4.683 -1.513 -2.064 0.551
Al2O3 11.676 3.186 2.451 0.735
FeOtot 26.012 -7.277 -5.958 -1.319
MnO 0.219 0.006 -0.033 0.039
MgO 10.574 -3.248 -4.41 1.162
CaO 7.279 -3.083 -2.431 -0.652
Na2O 3.571 2.14 1.949 0.191
K2O 1.141 0.969 1.345 -0.376
P2O5 2.031 -0.777 -0.915 0.137
TOTAL 0
Sum of Squares of the Residuals: 4.7776
Phase Name
Amount as wt% of the 
parental magma
Amount as wt% of all 
phases
Amount as wt% of 
added phases
Amount as wt% of subtracted 
phases
cpx148 19.74 22.28 100 0
kears 159 -66.66 75.21 0 96.76
apatite205 -2.23 2.52 0 3.24
Total relative to initial magma: 68.89




Table 7. Mass balance Model 6 showing the parental (INIT) and derived (final) magmas. Also 
shown are mineral compositions for Kaersutite (kears), Clinopyroxene (cpx) and apatite from the 









INPUT DATA model 6
Magmas Phases
OXIDE INIT FINAL cpx148 kears 159 apatite205
SiO2 43.70 53.30 48.78 38.63 0.39
TiO2 2.00 0.48 1.53 3.91 0.02
Al2O3 13.48 16.66 4.7 10 0.04
FeOtot 21.17 13.89 11.31 22.48 1.44
MnO 0.15 0.15 0.2 0.22 0.06
MgO 4.85 1.60 13.04 11.64 0.66
CaO 5.41 2.33 18.86 9.15 53.89
Na2O 5.40 7.54 1.34 3.02 0.28
K2O 2.91 3.88 0.21 0.9 0.09
P2O5 0.95 0.17 0.03 0.06 43.14





Observed difference Calculated difference 
Observed calculated 
residuals
SiO2 32.814 9.597 10.066 -0.469
TiO2 4.683 -1.513 -2.064 0.551
Al2O3 11.676 3.186 2.451 0.735
FeOtot 26.012 -7.277 -5.958 -1.319
MnO 0.219 0.006 -0.033 0.039
MgO 10.574 -3.248 -4.41 1.162
CaO 7.279 -3.083 -2.431 -0.652
Na2O 3.571 2.14 1.949 0.191
K2O 1.141 0.969 1.345 -0.376
P2O5 2.031 -0.777 -0.915 0.137
TOTAL 0
Sum of Squares of the Residuals: 4.7776
Phase Name
Amount as wt% of the 
parental magma
Amount as wt% of all 
phases
Amount as wt% of 
added phases
Amount as wt% of subtracted 
phases
cpx148 19.74 22.28 100 0
kears 159 -66.66 75.21 0 96.76
apatite205 -2.23 2.52 0 3.24
Total relative to initial magma: 68.89




Appendix 4 Sample number and corresponding OU 
number 
PR01 – OU86707 
PR02 – OU86708 
PR03 – OU86709 
PR04 – OU86710 
PR05 – OU86711 
PR06 – OU86712 
PR07 – OU86713 
PR08 – OU86714 
PR09 – OU86715 
PR10 – OU86716 
PR11 – OU86717 
PR12 – OU86718 
PR13 – OU86719 
PR14 - OU86720 
PR15 – OU86721 
PR16 – OU86722 
PR17 – OU86723 
PR18 – OU86724 
PR19 – OU86725 
PR20 – OU86726 
PR21 – OU86727 
PR22 – OU86728 
PR23 – OU86729 
PR-Mix – OU86730 
 
 
